Conduction properties of thin metallic films by Paterson, Charles
CONDUCTION PROPERTIES OF THIN 
METALLIC FILMS 
by 
CHARLES HENRY PATERSON B.Sc. 
Thesis presented for the Degree of 
Doctor of Philosophy of the University of Edinburgh 
in the Faculty of Science. 




The work reported here stems from efforts made at the University 
of Edinburgh to explain, and where possible to exploit mechanisms of 
resistivity modification in ultrathin metallic films. 
In particular, it was of interest to study the relative importance 
of the electrical changes due to surface effects and those due to bulk 
structural reorganisations. 
The report includes a review of the mechanisms of film growth 
and of electrical conduction in which the possible resistivity changes 
expected to result from purely surface effects are underlined. The 
experimental problems surrounding the evaluation of these resistivity 
changes are explained, together with the design of a programme of 
experiments intended to overcome some of these difficulties. 
A method of preparing thin epitaxial silver films of consistent 
structural quality using cleaved mica substrates in ultra-high 
vacuum is developed and a series of experiments is described in which 
films prepared in this way are subjected to overlaycr deposition; 
the results of this work are discussed against the theoretical back-
ground of the published. overlayer work. 
Discontinuous films are examined in a separate series of experi-
ments in which the gross instabilities shown by these films in the 
immediate post evaporation period are studied as functions of film 
thickness and temperature. 
Two mechanisms of structural change are proposed to account for 
the observed electrical changes and for the structural features 
revealed by electron microscope examinations. The possible use of 
one of these mechanisms to produce overlayer-induced resistivity 
increases is dizcussd. 
(ii) 
A computer model of certain features of the self annealing 
process in discontinuous films is developed and results are given 
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Thin solid films have now occupied the attention of several 
generations of scientists and technologists; from their appearance 
as virtual laboratory curiosities in the mid 19th century, they have 
grown steadily in importance until at the present time, films of 
every class of solid material are objects of serious study throughout 
the scientific community. The study has generated its own specialist 
literature to add to the already large proportion of the general 
literature dealing with the preparation, properties and applications 
of the whole range of thin film structures. 
Much of the impetus for this work has stemmed from scientific 
curiosity, since, quite apart from their own unique properties, 
thin films have proved to be unrivalled experimental tools in the 
study of many elusive phenomena which otherwise could only be examined 
with great difficulty. In many cases, this is still true, and 
examples are readily to be found of currently active areas of work 
in which essentially theoretical results are sought. Nevertheless, 
in more recent times, especially in the study of the electrical and 
structural properties of metallic films, there has been seen an 
increase of interest, which is directly attributable to the growing 
commercial importance of thin film components in the electronics 
industry." 
In particular, the development of integrated circuits, whether 
in their monolithic, thin film or hybrid forms, has demanded 
considerable advances in the degree to which the propertis and 
methods of preparation of metallic films are understood. This is 
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no less true now, indeed it is clear that in order to maintain the 
rates of advance which have been seen in the past decade, fresh 
efforts must be made to improve the level of understanding of 
several basic mechanisms of failure and instability which still 
afflict integrated circuits. 
Spontaneous and induced, variations of the electrical conduc-
tivity form an important class of these undesired effects, and 
represent part of the scope of this present report; another part 
of the study was set aside to examine the complementary problem of 
enhancing and controlling these resistivity changes, with the 
ultimate object of exploiting them in a thin-film active device. 
1.2. Overlayer Work 
The starting point for the study was found in the work of 
(1) 	(2) 	(3) 	 (4) Lucas 	,Meyer 	, Chopra and Campbell 	among others. 
Using ultrathin annealed films of gold and silver, Lucas had 
measured unexpected resistivity increases during the deposition of 
overlayers of both similar and dissimilar materials. In an extension 
of the Fuchs-Sondliejinei' theoretical treatment of the conduction 
problem in continuous films (5)  y it was shown that resistance 
increases of this sort could result if the annealed film were assumed 
to have an initially specular surface whichas rendered diffuse by 
the application of the overlayer. Chopra 	offered an alternative 
explanation, in which the resistance changes were attributed entirely 
to structural rearrangements in the original base layer; moreover, 
it was asserted that even changes of this sort could only be 
expected in incomplete, discontinuous structures of a sort clearly 
unsuited to discussion in terms of the Fuchs-Soridhejmer continuous 
film theory. 
Ii 
Independent studies of the annealing procedure by Meyer (2) 
and by Campbell, and of the structural quality of the films used 
in the original work (2) suggested that the situation in annealed 
films was indeed a complex one, having little in common with the 
slab-like simplicity of the structure envisaged by Fuchs and 
Son&heimer. The existence of intense granularity implied inevitably, 
the presence of an unknown component of resistivity attributable to 
grain boundary scattering; this, taken together with the problem of 
the contamination of the film surface resulting from the use of air 
annealing techniques and of oil diffusion pumped experimental 
apparatus, represented a serious criticism of the original experiments 
- 
	
	and cast doubt on their value in validating Lucas , theoretical 
contribution. 
It was clear that careful experimental work was necessary to 
isolate the changes in the surface scattering components of the film 
resistivity from those attributable to other structural or even 
chemical factors; only when these questions had been resolved could 
the theoretical results be applied to the problems of real overlaid 
structures, or considered as the starting point in the development 
of a family of variable specularity-coefficient active devices. 
1.3.. Thin Film Work at the University of Edinburgh 
In this laboratory, the work of Mitchinson (678), marked the 
beginning of such a programme of study. Using a novel work-function 
measurement technique, Mitchinson was able to examine the electrical 
behaviour of polycrystalline films of gold, silver and aluminium 
during the initial stages of overlayer deposition. Careful use of 
the apparatus - enabled the roles of physical and chemical adsorptive 
surface contamination to be measured in a variety of materials 
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aid established the necessity of studying overlayer effects in clean, 
ultra—high vacuum conditions. 
By relating the measured work function changes to the proportion 
of the film covered by the overlayer, Mitchinson and Pringle 	were 
able to re—interpret Lucas' original results and to propose a more 
realistic model of the conductivity changes, in which the overlayer 
was visualised, not as an improbably, thin uniform layer of material, 
but as an irregular distribution of discrete islands. 
The part played by grain boundary scattering was not established 
in this work, nor were direct observations made of overlayer—induced 
resistivity increases; indeed, the predictions of the model 	were 
compared with Lucas' 1964 results. Therefore, in planning the present 
study, it was considered. appropriate to change the emphasis of the 
earlier experimental work, and to examine the effects of structural 
factors on the resistivity in much more detail than had previously 
been attempted. The aims of the investigation were considered 
initially as being twofold: firstly, to develop a method of preparing 
thin films of a regular, stable structure, in which the effects of 
grain boundary scattering are minimised; and secondly, using these 
films ;  to replicate Lucas' overlayer experiments under closely control-
led conditions of pressure and temperature. 
The results of the second phase of this projected study were 
awaited, not only to prove or disprove Lucas' original assertions, 
but to indicate whether or not the active device potentialities 
implied by the theoretical arguments were worthy of further experimental 
study. 
1.4. Outline of the Present Report 
The report which follows is divided into three main sections: 
three chapters form a theoretical preamble in which the formation, 
structure and electrical properties of the thin films of immediate 
interest are discussed; the emphasis throughout is placed on the 
properties of ordered structures, which in this context came to 
imply epitaxially-grown films. The design and operation of the 
experimental apparatus are treated in the middle section, which includes 
the results of the structural and electrical studies. In the remaining 
chapters, the results are discussed in their theoretical context and 
conclusions are derived. 
/ 
CHAPTER 2 
GROWTH AND STRUCTURE OF EPITAXIAL METAL FILMS 
2.1. Introduction 
The study of epitaxial phenomena in metals has, been stimulated 
in recent years by the refinement of the electron microscope, and by 
the development of techniques for the preparation of epitaxial metal 
films thin eiough to be transparent to electrons of energies of about 
100 key. The availability of selected area electron diffraction 
facilities and versatile specimen stages has been exploited 
by such workers as Pashley and Stowell (10) , Bassett (11)  ssett 	, Poppa (12) 
and others(1314) to build up detailed pictures of the growth 
sequences in many cases of epitaxial and polycrystalline thin film 
formation. These results have confirmed by direct observation much 
of the formation sequence theory deduced indirectly by Andrade 
so that there is now a generally accepted main sequence of thin film 
formation stages which is followed qualitatively by a number of 
important materials. 
2.2. The Formation Sequence 
The present treatment is restricted to the consideration of 
metal films deposited from the vapour phase in vacuum, since this 
process has been adopted most widely for the production of commercial 
thin films. There are qualitative similarities among metal films 
produced by the usual modern procedures and the formation sequence 
described in this section applies to many of the metal—substrate-
deposition conditions in common use. 
It has been found experimentally (16) that the first stage of 
film formation is usually the appearance of discrete nucleations of 
(17) deposit, rather than atomic monolayers. There is evidence 	that 
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the nucleation rate is related in some way to the deposition 
conditions and to the properties of the substrate and the evaporant, 
so that as deposition proceeds, the density of nuclei increases to 
a characteristic saturation value. It has become customary to 
describe this process as the Nucleation Phase, and to distinguish 
it from the Growth Phase which followa. The nuclei grow larger as 
more material is adsorbed, until a stage is reached where their 
density on the surface starts to decrease, while, their average size 
increases. This process continues until the island structure 
changes rapidly to a connected network, with large—scale rearrangement 
of the deposit on the substrate. The freshly exposed substrate 
areas become available for secondary nucleation, while the main 
matrix grows by the incorporation of diffusing clusters of adsorbed 
atoms. The intercellular material grows at the same time, until all 
the original spaces in the film are filled and coverage of the 
substrate is complete. In the final stages of growth the continuous 
structure increases in thickness in a slow process requiring large 
amounts of deposit. 	 - 
It will be convenient later to refer to this sequence of processes 
under the following headings 
Nucleation 
Growth: (i) Island Growth 
Network Formation 
The Post—network stage 
2.3. Nucleation 
For historical reasons the nucleation problem has been studied 
from two idely differing points of view. The work of Volmer and 
Weber 
 8) on homogeneous nucleation, extended by Becker and Dori.ng 
[:1 
in 1935, laid the theoretical foundations of what has become known 
as the Classical or Capillatory Theory, in which the problem is 
analysed in terms of classical thermodynamics. A more recent 
approach, due to-Walton (20)  (1962) and to Rhodin and Walton (21)  
(1962) considered the problem from a statistical mechanics viewpoint. 
The resulting Atomistic or Statistical Theory has been shown by 
(22) 	 (23) Lewis 	and Lewis and Campbell 	to approximate to the Classical 
Theory with certain reservations. 
At the present time, the theories coexist, but the application 
of the classical formalism has been restricted to cases where the 
nuclei are large, or where it has been possible by experiment to 
demonstrate that they possess bulk thermodynamical properties, (e.g. 
Gretz(24) (1966), Noazed and Pound (1964) (25), Gretz and Pound (1964.) (26) 
Nelmed (l965)(27). The liquid drop analogy which forms the basis of 
the classical theory has been used to describe certain features of 
the growth phase where the volumes of material involved are 
unambiguously supercritical, (Pashley" ). 
2.3.1. The Influence of Nucleation in Epitaxial Growth, The importance 
of the nucleation stage in determining the orientation of vapour 
deposits has long been recognised. The problem has been reviewed at 
length by Seifert (29) and, more recently, by Pash1ey6) and there is 
ample evidence that epitaxial nucleation though neither a necessary 
nor sufficient condition for the growth of a continuous epitaxial 
layer is nevertheless a significant factor in many cases. 
Attempts have been made to interpret the experimental evidence 
in terms of the two nucleation theories and to develop rules for the 
prediction of optimum depositiop conditions and vapour/substrate 
combinations. In the metal film case these attempts have been least 
successful when the classical theory has been used. Moazed 
(1966) deduced that epitaxial nucleus formation should result at 
high substrate temperatures and low supersaturations provided that 
the contact angle of the primitive droplet was single valued, but he 
was unable to predict the structure of the deposit, nor its relation-
ship with the host lattice. 
The atomistic theory has been more successfully applied by 
Wa].ton(3132) to demonstrate the existence of an epitaxial transition 
temperature at a given evaporation rate and to predict the orientation 
of the deposit. The argument depends on the assumption that it is 
possible to achieve very high supersaturations where a single bond 
between two atoms produces a stable cluster. The critical nucleus 
size in this case is a single atom and the nucleus dissociation 
energy E11 is zero. 
The stable cluster is no less stable if other diffusing adatoms 
connect to it by single bonds; thus growth of the nucleus may take 
place in a variety of ways because no particular geometrical condi-
tions need be satisfied by the atoms contributing to the growth. 
At higher substrate temperatures, (or lower supersaturations), 
single atomic bonds are unstable and the smallest stable cluster 
must have at least two bonds per atom. One of several possible 
stable nuclei is therefore an equilateral triangle of three atoms, 
each with two atomic bonds. The corresponding critical nucleus is 
just a pair of singly connected atoms. The nucleation rate is 
equal to the rate at which these pairs are converted to stable triads 
by the addition of suitably positioned nucleating atoms. 
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The geometrical conditions which must be satisfied by the 
nucleating adatoms are more stringent than in the previous case, and 
result in the imposition of a (111) basal plane orientation on the 
resulting deposit. According to the theory, there exists a transition 
substrate temperature at which single—bond nuclei coexist with double— 
bond nuclei in equal numbers. 
The argument may be extended to higher substrate temperatures 
(or lower.supersaturations), to generate a series of transition 
temperatures corresponding to increasingly more tightly bound nuclei 
and successively more exclusive geometrical conditions for the 
nucleating adatoms. 
In practice it is found that for many important systems it is 
unnecessary to examine the stability of very complex nuclei. The 
triad case considered above, which results in a (111) basal plane, 
probably describes the usual situation in the f.c.c. metal/(0011 ) mica 
system used in the present work, and is the most common configuration 
reported in the literature (31)  
Apart from basal plane orientation, azimuthal axis orientation 
is necessary for epitaxial growth. The principal influence is that of 
the substrate, either in preferentially adsorbing those critical 
nuclei whose azimuthal orientations coincide with a particular 
substrate axis, or by preventing the growth of other nuclei or of 
other orientations of the critical nucleus. Royer's 	original 
concept of minimum condensate/substrate lattice mismatch has thus 
been largely discarded in favour of a minimum potential energy 
criterion. 
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2.3.2. The Limitation of the Nucleation Process.. Pound et 
and Burton, Cabrera and Frank 	have shown that the surface 
diffusion process predominates in nucleation. In the usual treat-
ment, the diffusing atoms are assumed to have a characteristic jump 
distance a, a vibrational frequency V and an activation energy for 
surface diffusion, AG diff. Diffusing adatoms which fail to 
nucleate are clesorbed after migrating a mean square distance d, 
which may be expressed in terms of the desorbtion and diffusion 
energies as: 	 - 
f5 r (AG- A& 411 )/1kr 
where 	G, is the activation energy for desorption. 
The established nuclei act as sinks for mobile adatoms within 
surrounding areas determined by the mean diffusion distance. New 
nuclei are likely to form within any area of clear substrate greater 
than the depletion &rea, while fresh nucleation is unlikely within 
smaller areas. 
As nucleation proceeds, the depletion areas overlap more 
frequently until a saturation density of nuclei is reached. Further 
deposition then results in the growth of the existing nuclei rather 
than in fresh nucleation. 
- Saturation nucleation densities have been the subject of 
considerable experimental enquiry. The published data are sufficient 
in many cases to enable typical densities and implicitly, diffusion 
distances to be estimated for smooth substrates where decoration 
effects play no part. 
12 
In the Ag/mica and Au/mica systems, densities of between 10 12 
10 	 - 
and 10 per square centimeter have been reported, corresponding to 
nucleus spacings of l0d to 1000., (e.g. Adamsky(36) (1966), 
Chopra 	(1969)). 
2.4. Growth 
In most metallic systems the earliest stage of the growth phase 
involves particles outside the normal resolution of the transmission 
electron microscope. There remains a significant region between the 
immediate post—nucleation period and the onset of meaningful 
transmission microscope observations which has been examined only in 
specialised situations in which field emission microscope techniques 
are available. Most of the other published work has been concerned 
with structures in which the island growth process has continued 
long enough to enlarge the stable nuclei to sizes beyond the 52 to 
1OR range (e.g. Adamsky(36) (1966)). 
Two main experimental procedures have been used. 
The first is that adopted by Pashley et al( 38 ) , poppa 2 ) , 
Bassett 	and others, in which the film is grown within the electron 
microscope column and examined in situ. Continuous observation of 
the growth process is theoretically possible, though commercially 
available microscopes require careful modification to exploit the 
technique fully. 
The second procedure is less direct. The films are prepared 
on suitable substrates under controlled conditions in a separate 
vacuum system and undergo a backing and stripping process before 
transfer to the electron microscope. 
It is usually necessary to improve the electron microscope pumping 
arrangements in the first method and to develop an efficient substrate 
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cleaving jig, particularly for epitaxial growth studies. The electro-
static and kinetic heating effects of the electron beam on the growth' 
process are often significant and the complications introduced by the 
polymerisation of residual impurities on the specimen must be carefully 
considered. The method has nevertheless produced important results, 
particularly when it has been used in conjunction with multiple 
exposure and cine photography. 
An important disadvantage of the indirect method is the need to 
return the specimen to atmospheric pressure before microscopic 
examination. It is well known (40) that the electrical properties of 
some thin films are substantially altered by this procedure and 
caution is necessary in interpreting the structural information. 
The less quantifiable uncertainties introduced by the backing and 
stripping procedures have been discussed by Walton 	et al (1963). 
In spite of these difficulties the method has been extensively used, 
especially when the structural information is required for correlation 
with some other property such as electrical conductivity which cannot 
readily be measured within the microscope. 
2.4.1. Island Growth. Growth of the stable nuclei becomes important 
as the nucleation density approaches saturation. The surface diffusion 
mechanism continues to operate and it is assumed -hat stable nuclei 
grow continuously by the absorbtion of diffusing adatoms and sub- 
(41) 	
i critical clusters, (e.g. Chopra 	(1969)), possibly n positions 
determined by the Walton-Rhodin criteria(21). Some authors have 
reported the sudden appearance of large (50-100 diameter) islands 
without evidence of earlier smaller nucleations (e.g. Pashley 
(1956)). The in situ microscope observations of Bassett (42) confirmed 
the spontaneous appearance of large islands and apparently showed that 
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they possess considerable translational mobility on certain air—
cleaved single—crystals substrates. There is some evidence that the 
deposits are less mobile when the substrates are cleaved in vacuum, 
and Adamsky(36) has suggested that the translational mobility may be 
largest when the substrate—deposit interaction is weakened by the 
interposition of layers of adsorbed gas on the substrate surface. 
The problem is complicated in the vacuum—cleaved mica case by the 
reported existence of occlusions of trapped gas between the silicate 
laminae and by the differences between mica samples obtained from 
different mines (e.g. Mercer, 	(1967)). 
Pronounced crystallographic shapes are frequently observed among 
growing islands of epitaxial deposits and in the usual Ag/mica and 
Au/mica cases, particles with sides aligned at multiples of 600  are 
common. The existence of angular particles is strongly dependent on 
the substrate temperature and at high temperatures the crystallographic 
shapes quickly become rounded as the particles apparently minimise their 
surface energies. This liquid—like behaviour persists as the particles 
continue to grow and their separations decrease. When islands touch, 
either as a result of growth or by collision, liquid—like coalescence 
takes place and the original pair is replaced by a single particle. 
In Ag and Au at moderate substrate temperatures, (where the particles 
have a pronounced angularity), coincidences of parallel sides appear 
to be particularly effective in producing interisland fusion, and the 
geometry of the fused product may for a time retain vestiges of the 
shapes of the original islands (e.g. Pashley 	, Stowell 
The origins of this liquid—like behaviour are as yet imperfectly 
understood because electron diffraction studies have conclusively shown 
that the coalescing particles possess solid state properties. 
15 
Pashley(38) et al have suggested a sintering mechanism in which the 
mass transport observed in coalescence results from a diffusion of 
surface material across the neck formed at the point of contact of 
the particles. The diffusing material is assumed to be redistributed 
-to minimise the total surface energy of the product particle and to 
derive its driving force from the reduction in total free energy 
implied by the change. A variation of this mechanism applies in the 
case of fusion of angular metal particles along parallel sides where 
frequently the area of the contact region is large with no highly 
curved neck to generate a driving force for diffusion. It seems 
likely that there is indeed little diffusion in such cases and that 
the minimisation of surface energy results from the replacement of two 
similar metal/vapour interfaces by a single unstrained metal/metal 
interface which, in the case of perfect deposit/substrate alignment 
contributes nothing to the free energy of the product particle. In 
some systems side/side fusion may be energetically unfavourable and 
fusions of other opposed crystal faces may be preferred. An example 
has been reported by Egerton (46) in (111) double—positioned epitaxial 
KC1 grown on (001) mica, where virtually no fusion of oppositely 
positioned crystallites was observed and growth of the crystal 
proceeded almost exclusively by point/side fusions of similarly 
positioned triangular islands. 
As evaporation continues, coalescence effects progressively reduce 
the density of islands on the surface. Coalescences which involve 
appreciable mass transport may result in the uncovering of areas of 
substrate large enough to sustain fresh nucleation. By this means 
the island size spectrum may temporarily be broadened, though the 
secondary nuclei are unlikely to exist independently for long periods 
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because of their high surface diffusion mobility. 
2.4.2. Network Formation. In most systems it is possible to distin-
guish a critical stage in the island growth phase where a relatively 
small amount of additional deposit results in a rapid increase in the 
coalescence rate. Chopra 	has used the terms 'coalescence I' and 
'coalescence II' to distinguish the initial monotonic coalescence 
process from the rapid. large-scale changes which produce the network 
structure, but there is little doubt that both processes result from 
the same tendency of the deposit to minimise the total free energy 
and that the principal difference is one of scale. 
Large-scale interconnection of the islands takes place in a 
relatively short time and for relatively small amounts of material, 
to produce long dendritic accretions of deposit with appreciable 
flattening. Ultimately the process extends further to produce a 
connectednetwork of deposit which, in cases of epitaxialgrowth, may 
include holes of angular crystallographic shapes. Non-epitaxial films 
frequently possess long convoluted channels with approximately 
parallel sides and matching curvatures over appreciable distances. 
Despite the usual increase in the area of the deposit, the cells of 
the network are generally more capable of supporting secondary 
nucleation than the interisiand spaces of the immediate pre-network 
stage. 
The transition to the network structure results in a virtual 
inversion of the shape of the deposit and is accompanied by a 
large increase in the electrical conductivity of the film. A major 
component of this increase results from the formation of continuous 
paths extending ultimately over the whole area of the substrate. 
These coherent paths are the origin of the internal mechanical stresses 
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which play a significant •part in all the post—network growth stages. 
Internal tensile stresses comparable with the yield strength of the 
bulk material. have been measured in metal films (48) , and the associated 
changes in the electrical conductivity have been examined by Parker and 
Krinsky 	(1963). 
A direct indication of the suddenness of the network transition 
has been given by Chopra(50) for a deposit of silver on rocksalt. 
Electron microscope photographs demonstrate the transition of the film 
from an island structure at 100 toa flattened coherent network at 
0 115A. The substrate temperature was 100 0C. 
This is in general agreement with the conclusions of many of the 
published electrical conductivity studies, where the transitions from 
virtually non—conducting behaviour to conductivities comparable with 
those of the bulk material often require only a few tens of&M 
of additional deposit (e.g. Chopra, Bobb and Francombe (1963) (51.) 
2.4.3. Post Network Growth. Island structures have found, few applica-
tions in microcircuit technology and in.the usual resistor film and 
interconnection pattern applications the films are developed at least 
to the network stage and more usually to the far post—networkstage 
where continuity is imminent. 
The transition from the network structure to beyond the onset of 
continuity is a slow process involving large amounts of deposit. It 
has been described by some authors as the main growth stage because on 
a purely temporal basis this phase of growth is usually longer than 
all of .the combined proceeding stages. 
Secondary nucleation within the cells of the network plays an 
important part in the process. The main network grows by the capture 
of diffusing ada.toms and subcritical clusters while the intercellular 
-_____ 
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material undergoes the same sequence of island growth and coalescence 
steps described above. The relative sizes of the network cells and 
the secondary islands contained within them is such that the secondary 
deposit only rarely proceeds to secondary network formation and more 
usually coalesces with the main matrix while still at the island 
stage. 
The importance of the substrate progressively diminishes as the 
area of the deposit grows. In the case of epitaxial films, the original 
hetero-epitaxjal problem changes slowly to an auto-epitaxial one and the 
importance of growth by surface diffusion across the substrate decreases. 
In general, the activation energies for desorption and surface diffusion 
are different in the two cases and the deposition conditions may cease 
to be appropriate for epitaxial growth. Thus a deposit which shows 
good orientation up to network formation may deteriorate in the post-
network period. 
In the final approach to continuity, the degrees of freedom 
available to the intercellular islands are severely limited and the 
process of fusion with the matrix may incorporate a disproportionate 
number of twins, double-positioning boundaries and other crystallo-
graphic defects. Pashley 	has shown that some of these faults may 
be mobile within the deposit at moderate substrate temperatures and 
illustrates examples of the gradual removal of crystalline imperfec-
tions from a gold film by minute rotations and translations of parts 
of the deposit. Adamsky(36) studied changes in epitaxial gold films 
at higher substrate temperatures and reported growth of twin boundaries 
for moderate temperature increases. At higher temperatures holes 
reappeared and an apparent reversion to the network stage took place. 
Liquid-like behaviour at the highest temperatures resulted in the 




ELECTRICAL CONDUCTIVITY IN METAL FILMS 
3.1. Introduction 
Metallic films may be prepared with a large range of electrical 
conductivities ranging from the virtually insulating island films 
considered by Neugehauer and Webb (52), Hartman 	and others to the 
near-bulk values associated with continuous films and well-developed 
island structures. 
The present study is chiefly concerned with this latter group of 
structures, near the onset of continuity, where the electrical conduc-
tivity and its temperature coefficient seldom range more than a single 
order of magnitude from the ideal bulk value and where the contributions 
to the total conductivity made by inter-island tunnelling and thermi-
onic emission are negligibly small. 
3.2. The Conduction Theories 
The mechanism of electrical conductivity depends profoundly upon 
the film structure. In pre-network phases where the deposit forms an 
array of discrete metal islands, the dominant mechanisms are those 
which regulate the passage of charge carriers between the islands 
and the conductivity of the islands themselves may usually be neglected. 
The conductivity of the coherent metal filaments becomes iinpor_ 
taut early in the network stage, and quickly increases until the 
contribution of all other conduction paths become insignificant. The 
apparent resistivity is modified both by the characteristic reticulated 
geometry and by geometrical size effects. 
With the increase in thickness following the onset of continuity, 
size effects become less important, and the apparent resistivity of 
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the film decreases steadily. The measured resistivities approach 
values which differ from the ideal bulk value only if the preparation 
proceedure has resulted in a density of crystalline defects and 
impurities appreciably different from the usual bulk metal situation. 
Quantitative theories have been developed for only two of these 
cases; 
(i) The situation in island films of regular geometry and constant 
particle size has been quantitatively described by Nifontoff (54)  
(55) 	 (52) 	(53) 	 (56-61) Neugebauer 	, Neugebauer and Webb 	, Hartman 	, and others 
The most recent improvements are due to Hill (60)  
(2) A quantitative theory for continuous films was proposed as 
long ago as 1901 by Lord Kelvin. The modern theory is due chiefly to 
the work of Fuchs 	and Sondheirner. Numerous refinements have 
been suggested by the published work, of which those of Parrott (62) 
(63) 	(64) 	 (65) Cotti 	, Greene 	and Lucas 	are perhaps the most important. 
The Puchs/Sondheimer theoretical procedure has been extended by 
Lucas to the related problem of conduction in two layered structures ( 6 . 
There remains an important range of thin film structures, 
including some of technological interest, which are not adequately -
described by the established theories. Among these are islandfilms 
in which particle sizes and spacings are grossly uneven, network films 
of irregular geometry, and continuous films in which defect and grain 
boundary effects are important.. Some of these problems have been 
approached either by attempting to extend the existing quantitative 
theories to less ideal geometrical conditions, or by using the 
theories in combination, as, for example, in the common treatments 
- of the conductivity of ultra—thin networks (67) 	Neither approach has * 
yet produced a usable quantitative theory and the problem of developing 
*w 	 ovu*e 
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a theoretical framework within which to discuss the behaviour of 
structures of quasi—random geometry remains to be overcome. 
3.3. Conduction in Continuous Films 
In the electron theory of metals, the density of free electrons 
per unit volume is given by 
- - - 
	 ......(3.1.) 
where m is the electronic mass, v  is the velocity of an electron at 
the Fermi surface and h is Planck's constant. 
For a cubic single crystal, or an isotropic polycrystal, the 
electrical conductivity may be derived by applying the Boltzmann 
equation and invoking an isotropic relaxation time t . The. result 
(112) is given in standard textbooks 	as 
__ 
P0 	 rv 
01.01(3.2.) 
where Q, 	is the bulk conductivity and PO is the resistivity. 
If a mean free path for conduction electrons, 	, is assumed, such 
that I 	the conductivity expression becomes 
Ipo 	 -c 
	 . . . . (3 .3 • ) 
and the conductivity is seen to be directly proportional to the mean 
free path length. 
It is easy to show by substitution from (3.1.) that 
0 	
- 




• 	The product of the bulk resistivity of the metal and the mean 
-free path for conduction electrons is therefore a function of electron 
density alone. In many practical - cases, little error results from 
assuming that the density of free electrons in the metal is constant 
and in treating 0 L 	as a characteristic of the material. 
In Table 3.1., the bulk resistivities of some common engineering 
materials are listed, together with the generally- accepted free 
electron densities (in electrons per cm 3 ). From these data it is 
possible to calculate first the characteristic 	t 	product and 
then the mean free path length corresponding to a particular resistivity 
value. The variation of mean free path length with temperature may 
then be obtained, either by assuming a linear temperature coefficient 
of-resistance, 	or more accurately by using tabulated resistivity 
data such as those of white and Woods (68). 
Figure 3.1. shows - the mean free path variations for Ag, Au and 
Al, computed byatch a procedure. In all three cases continuous films 
may easily be made with thickness comparable with the room temperature 
mean free paths. If the films are examined at the network stage both 
the thickness and the width of the conducting filaments may be 
affected. 
Lord Kelvin recognised that in conductors of this type, the move-
ment of the electrons is restricted by the film boundaries so that the 
effective free path length is reduced. This reduction has important 
consequences in the theory of thin film conductivity and galvano-
magnetism which have become known collectively as 'Size Effects' or 
'Geometric Size Effects'. 	 - 
Lord Kelvin's original analysis was based upon a classical 
particulate theory of conduction in which the scattering of electrons - - - - 
• 	METAL CONDUCTION CALCULATED 
ELECTRONS VALUE ,41. 
PER cc 
Cu 8•499x10 1 657 
Ag 6001 	II 828 
At 6.035 	'I 827 
Au 5.904 	" 838 













TABLE 31 	RESISTIVITY & MEAN FREE PATH DATA 
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FIGURE 31 	MEAN FREE PATH VARIATION WITH TEMPERATURE FOR Ag 5 Au & At. 
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at the surface was assumed to be diffuse, i.e. independent of the 
angle of incidence of the electron at the surface. The basis of the 
calculation was the derivation on simple geometrical grounds of an 
effective mean free path length in terms of the conductor thickness. 
The implications of this modified path length on the apparent 
conductivity of the material were then deduced by substitution in an 
equation similar to (3.3) above. 
Apart from neglecting the electron trajectories originating at 
the film surface, this treatment ignored the statistical prcperties 
of the electron distribution and distinguished no variations of 
electron density across the thickness of the film. These deficiencies 
were largely removed by the application of the full statistical theory 
of conduction to the problem by Fuchs 	 in 1938. Fuchs' analysis, 
revised and extended by Sondheimer 	in 1952,' now forms the basis 
of the modern approach to the size effect problem and has been used 
in a modified form to analyse conductivity variations near the surface 
of bulk conductors(69). 
The calculation is carried out in four stages: 
The Boltzmann equation is applied within the particular 
geometry of the problem and the partial differential equations 
describing the perturbed electron distribution function are set up. 
General solutions are found for these equations. 
A particular solution is found by applying the boundary 
conditions. The geometrical boundaries of the specimen and the 
details of the surface scattering mechanism are taken into account at 
this stage. 	 . 
The mean conductivity of the specimen is obtained finally by 
averaging the product of the new electron distribution and the appropriate 
4 1+ 
velocity vector over the required regions of real and momentum space. 
3.3.1. Single Layer Films with Symmetrical Scattering Properties. The 
geometry of the problem is detailed in Figure 3.2. An infinite slab 
of an isotropic conductor of thickness a, has its lower surface in 
the Z = 0 plane; an electric field is applied along the rx. direction 
(E.). 
Assuming dynamic equilibrium and the operation of a relaxation time 
approximation, the electron distribution function, N, is given by 
the Boltzmann equation: 
....(3.5.) 
where 	is the velocity vector 
F is the force acting on the electrons of the distribution 
is the gradient operator in momentum space 
N o is the equilibrium Fermi—Dirac distribution 
and 	t 	is the relaxation time. 
Assuming that N has no variation in either the x or the y 
direction enables the equation to be re—written as: 
- 
	 N(isz) .. eE,.)NO 
where N1 (V1Z) = (N - No). 
Equation (3.6.) has the general solution: 
N(r,z) 	 (3.7.) 
where 	t) 	is an arbitrary function determined by the scattering 
mechanisms at the film boundaries. 	 - 
1 
U 
FIGURE 3.2 	FILM ORIENTATION 
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In his original paper, Fuchs proposed two simple alternative 
mechanisms: (i) specular scattering, in which the z component of 
the momentum of an electron is reversed on impact with the film 
boundary, the other components remaining unchanged, (ii) diffuse 
scattering, in which the direction of motion of an electron after 
collision with the surface is completely uncorrelated with its former 
direction. 
In real films, both mechanisms were assumed to operate together, 
in proportions determined by the details of the surface structure; 
a scalar specularity coefficient (p) was assigned to each surface, so 
that the probabilities of specular and diffuse scattering were given 
by p and 1 - p respectively. 
Under these conditions the functions 4(') may be found and 
the value of 	 determined from equation 3.7. The current 
density may then be determined from the relation: 
2() . f,.NtCUz) kr 
The final result is most usefully expressed as the ratio of the 
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The result is 
V1 
= i P L e :?L2).( 	9.sO 
6 	(, 	?.e?c13 (- Q/.c.oS&)) 
(5.t) 
where  
It is usual to combine the variables t and a in a new variable 
k = alL which expresses the size effect 'thickness' independently 
of the geometrical thickness and the temperature. 
The application of equation 3.8. to the prediction of practical 
Cr. values requires the evaluation of the integral with respect 
to e . At the thickness extremes,' (k 	10, k<0.1), the approxima- 
tions suggested originally by Fuchs and Sondheimer enable Crf C-6 
to be determined with moderate accuracy. In the more important k 
region corresponding for example to silver and gold films of about 
250k thickness at room temperature, a more exact treatment is necessary 
and both Series Expansion and Simpson's Rule methods have been used 
successfully. The numerical integration procedure is more easily 
applied if the variable in equation 3.8. is changed from e to 
T= cos e so that: 
C-h,-r 	I-?)( -r-r3 ) 	-r 
Cro rz 	 •(_ I- I'P(-'IT)) 
(3..) 
Figure 3.3. shows the variation of, O eJOo 	with k and p, computed 
for the present study using a Simpson's Rule approximation. 
The data of Figure 3.3. are universally applicable in that they 
predict the CFf /O o  ratio for any continuous film provided 	o 
It and p are shown. In practice when the computed predictions are to 
be compared with experimental data for a particular material, it is 
frequently more useful to calculate the absolute values of the apparent 
resistivity for various temperatures, thicknesses and p—parameters. 
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The procedure outlined above may be used to calculate the bulk mean 
free path from the f,Q 	product of equation 3.4., provided good 
data are available for the variation of 4TO with temperature. For 
a given film thickness, k may then be found and the appropriate 
Tp 107o 	value obtained from equation 3.9., from which 	ff 
follows immediately. 
The assumption has been made here that 
If = f0(T)+f5(r) 	 (3.10.) 
where PS (T)  is the resistivity component attributable to surface 
scattering effects,fp (T) is the ideal phonon resistivity and 
is .the component due to bulk defects and impurities. 
i Campbell
(70) 
 has pointed out that n real films the preparation 
technique will almost certainly produce a structure which will differ 
from the bulk material in grain size, impurity density, chemical 
composition and mechanical stress. Assuming that the scattering 
effects associated with these differences are small, so that 
Matthiessen's Rule may be applied, Campbell proposes that 
J'f 	 rs(T) + 	 ( 3.11.) 
where the new term Pp 	represents the resistivity component due to 
the method of preparation alone. In practice, 	p must be obtained 
from experimental data in the specific field of interest. In general 
is not a constant and irreversible changes with both time and 
temperature must be expected. 
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3.3.2. Asymmetrical Scattering Conditions. In the usual situation 
in vacuum evaporated films, the film boundaries are dissimilar. The 
influence of the substrate in constraining the growth of the deposit 
must clearly be greatest at the film/substrate interface and decrease 
across the thickness of the film. At the same time, contamination of 
the outer surface of the film by adsorption of gaseous impurities can 
take place in a waythich is impossible at the film/substrate surface. 
In general these differences must be expected to affect the 
scattering parameters of the surfaces asymmetrically, to produce a 
conductivity variation which is not adequately described by equation 
3.8. The calculation procedure of the previous section was applied 
to this problem by Lucas in 1964(65). Denoting the dissimilar 
specularity coefficients by p and q, equation 3.8. becomes: 
	
- L ç COS . 	0. 1 	 e)) 
gro 	 41 3 C1  
0 
• 	+ (1 4 1_ 2 7 
(3.12.) 
which reduces easily to equation 3.9. if p = q. Setting k = a/L 
and introducing T = cos9 as before, gives: 
1----. c(T-i-3).c1-J  
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hich may again be integrated numerically to give the 
values of Figure 3,4. 
3.3.3. The Mechanisms of Surface Scattering. 	The scalar specularity 
coefficients of the previous sections represent a substantially 
empirical approach to the surface scattering problem, based rather 
upon an intuitive appreciation of the behaviour of the electronic 
wave functions than upon any detailed analysis of the physical 
situation in the metal. Nevertheless the basic assumption of two 
separate types of scattering process is not an implausible onefbr 
many purposes and the original Fuchs treatment has been used with 
satisfactory results in the interpretation and comparison of 
experimental data. 
The obvious limitations of Fuchts procedure such as the neglect 
of the angle of incidence of the electrons at the surface, the assump-
tion of an isotropic relaxation time and the omission of a detailed 
treatment of the effects of surface roughness have prompted the 
suggestion of various other more elaborate surface scattering models. 
Among these, that of Parrott (62) and Brandli and ctt±63) is nearest 
to the original Fuchs treatment and has received most attention in 
experimental studies. 
The Parrott/Cotti model is based upon the assertion by Ham and 
Mattis, in the context of surface scattering in semimetals and 
semiconductors, that the most important single factor in determining 
the probability of specular reflection is the magnitude of the change 
of the electron wave vector over the collision. 
Denoting the wave vector by 5, the general surface scattering 
process is accompanied by a change in the wave vector given by: 
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where S g and Sz. are respectively the electron wave vectors 
before and after the collision. 
Price (69) has shown that for a specular reflection event, the 
direction of the electron wave vector change is parallel to the inward 
surface normal, 	; A 	may be written therefore: 
ll. 
For spherical Fermi surfaces, the change may be written even more 
simply as: 
&= 
and the magnitude of the change given by: 
,= Jj= 'as s costs 	 I IIII e (3.14.) 
According to Ham and Mattis therefore, the magnitude of this quantity 
is of prime importance in the specular scattering problem, though 
the precise connection between the specular scattering probability 
and the magnitude of 	S , was not predicted. 
To proceed, it is necessary to adopt some functional relationship 
between I A §j and the specularity parameter (p), either empiri-
cally, or by examining the details of the scattering problem, as for 
example in Greene's 	(1966) treatment. 
A possible empirical assumption is that of Parrott: 
P = i S,_ ) 
0 C!1 > Sc ) 
in which specular reflection takes place preferentially for collisions 
involving JA 5 ( changes less than a critical size 
In a metal, the distribution of the amplitudes of the conduction 
electron wave vectors is narrow, since only electrons near the Fermi 
surface need be considered. Denoting the mean electron wave vector 
amplitude by 5, , equation 3.14. enables the scattering equations 
3.15. to be rewritten in the form: 
(2S0e < s ) 
from which it is obvious that for metallic conductors, the scattering 
conditions amount in practice to the postulation of a critical angle 
of incidence e , such that: 
' 0C. 	 C = OS&4 
'IS* 
Parrott compared this condition with the scattering of light 
from diffuse optical surfaces. In the optical analogy, the specular 
scattering component, 	p , depends on the angle of incidence 5 
(measured from the surface normal) and upon the wavelength, in such 
a way that p is large for long wavelengths and grazing incidence, 
while for short wavelengths and normal incidence p is small. 
In terms of the analogy therefore, the conductivity problem may 
be compared 'iith the scattering of a virtually monochromatic beam of 
light by a diffuse surface possessing the abruptly varying reflec-
tive properties of equations 3.16. On this basis, Parrott suggested 
that the critical amplitude for the surface asperities in the electron 
scattering problem might be of the order of f/A S. , or V2- so 
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for the spherical Fermi surface assumption. In a typical metal, 
this corresponds to about 6000. 
The implications of the angular dependence of p upon the 
conductivity ratio have been examined by Juretschke(72), who shows 
that the calculation procedure of 3.3.1. is little altered by the 
new conditions. The new Or A 	ratio is given by the equation: 
e 
. no O 
Za 
Making the usual substitutions: kci/ 	, Tc.os 	, and changing 
the variable of integration to T gives by analogy with equation 
3.9. 
5 0 e%?(-k/T)).(r_T 3).T 	......(3.18.) 
cos 
Figure 3.5. shows 	 values computed for an unevenly spaced 
series of critical angles 	. It is clear, both from equations 3.9. 
and 3.18. and from the computed data of Figures 3.3. and 3.5. that 
the Parrott/Cotti and the Fuchs models agree exactly at the 
and /) 	extremes, i.e. 
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In the intermediate ranges however there are significant 
differences. The Parrott/Cot -Li conductivity ratio rises with 
decreasing a/Q as before, but undergoes an inflexion at a 
point determined by the Ø. value. For very small k , the 
conductivity saturates, so that for example in the case where 
= 600, there is virtually no change in cf 090/0' between k 
values of 0.01 and 0.1 (Fig. 3.5.). 
At the time of Parrott's original paper, the number of published 
accounts of specular scattering in metals was small. In most cases 
completely diffuse scattering appeared to take place and inter-
pretations in terms, either of a Fuchs/Sondheimer model with p = 0, 
or a Parrott/Cotti model with G,= 7t12. were equally tenable', the 
bulk of the evidence (for metals) favouring neither one hypothesis 
nor the other. 
In recent years however, semispecular scattering has been more 
frequently observed and a basis now exists for experimental compari-
son of the theories, since by lowering the temperature of the film 
and reducing the k value, the saturation indicated in Figure 3.5. 
will be observed if the Parrott/Cotti model applies. Experimental 
examination of this problem was begun by Campbell 	in 1968 and 
continued in this laboratory using air annealed polycrystalline 
gold films deposited on glass substrates. The results suggest 
that in this case the simple Fuchs model is preferable, since no 
low temperature conductivity saturation was observed. The situation 
is complicated because the temperatures required to produce the 
• necessary decreases in k are less than the Debye temperature of 
the metal and the usual 	, versus temperature relationship 
requires modification. 
ft: '/ L 
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FIGURE 3•5 	 ,P 	ACCORDING TO THE PARROTT THEORY (SYMMETRICAL SCATTERING) 
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The basic empirical assumption of the Parrott/Cotti model is 
embodied in equations 3.16. in which the angular variations of the 
surface scattering parameter are defined. Clearly, other variations 
of p with e are possible and a less abrupt relationship has been 
proposed by Soffer, from surface roughness considerations. 
Extending 	 (1962) analysis, Soffer proposed .a model 
in which p varied monotonically with e so that: 
= 	- C 4.7t h 	 (3.19.) 
where h is the mean height of the surface asperities, which are 
assumed to have a Gaussian distribution. A is the wavelength 
of the conduction electrons. 
As a consequence of this condition, the distribution of the 
diffusely scattered electrons is anisotropic, but since the new 
distribution has a plane of symmetry perpendicular to the field 
direction, the conductivity expression is unaffected. Conductivity 
ratios intermediate between those of the Fuchs/Sondh.eimer and 
Parrott/Cotti. models are predicted, with a sensitive dependence 
upon p when h and A are of similar size. 
(64) Greene 	proposed a less empirical approach to the scatering 
problem in 1966. Discarding the scalar specularity parameters of 
the preceeding models, Greene defined a new tkineti c specularity 
parameter', whose form depended explicitly upon the details of the 
particular scattering mechanism in use. Several scattering mechanisms 
were distinguished, originating from a wide range of structuraland wave 
mechanical possibilities, including: 
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atomic disorder and impurities at the film surface. 
roughness of the surface. 
variations due to the angle of incidence of the electrons 
at the surface. 
band bending associated with surface states. 
electron-phonon interactions associated with surface waves. 
interference of the electronic wave functions terminating 
at the surface. 
the presence of static charges at the surface. 
The scattering processes associated with each of these possibili-
ties were assumed by Greene to contribute uniquely to the scattering 
field and to produce perturbations of the distribution function which 
were distinct in each case. Combining the scattering effects with 
the flux conservation requirements results in a complex boundary 
condition in which the kinetic specularity parameter has to be re--
evaluated for each separate scattering mechanism and the total 
perturbation of the distribution function obtained by superposition. 
Apart from the considerable complexity of this procedure, the data 
required to establish the various forms of the kinetic specularity 
parameter are rarely available for experimental films. It is seldom 
possible therefore, to apply the full theory rigidly. It is notable 
however that Green's model reduces to the original Puchs/Sondheimer 
case within certain simplifying assumptions. Specifically, the 
kinetic specularity parameter becomes a scalar constant if: 
the relaxation time approximation is valid. 
magnetic fields are absent. 
the energy bands are flat. 
the electron distributions is unaffected by diffusion 
processes at the surface. 	 - 	- 
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33.4. The Application of the Conduction Theories. Even the simplest 
of the thin film conduction theories expresses the absolute film 
conductivity as a function of at least three variables. For example, 
c 	depends upon C, , 	, and I in the simplest Fuchs model, or 
upon Cr, , , c , and I if the assymetrical form is required. 
The use of more elaborate models such as the full form of Greene's 
treatment, introduces even more variables which cannot be satisfac-
torily calculated. 
In general, single measurements of the resistivity, taken alone 
cannot characterise a film completely. The application of the 
conduction theories to experimental films depends upon the supplement- 
ation of the basic resistivity measurements with additional data enabling 
the other variables to be established. 
The most straightforward, but least accurate approach to this 
problem, assuming the validity of the Fuchs model, is simply to 
adopt the bulk values of dr, and 	 may then be treated as a 
function of the specularity parameter alone, and 	obtained from the 
versus 	curves of Figure 3.3. The inaccuracies of this 
method result from the differences of microstructure between the bulk 
and thin film forms of the material, which in general result in 
different O and 	values. 
A less speculative approach was suggested in 1969 by Chopra 4 
in which the parameters of the film were to be independently established 
by a series of measurements of different size—effects such as;the 
temperature coefficient of the resistivity,4//olT 	and the 
anomalous skin effect, along with the various thin film optical and 
magnetoresistive constants. In principle, an unambiguous description 
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in Fuchs/Sonclheimer terms might result from only three such independent 
measurements, provided, that the effects chosen were sufficiently 
distinct and that the structure of the film was left unaltered by the 
measurement. 
The main attraction of Chopra's proposal is that, in theory at 
least, it takes into account the unique microstructure of the film 
under consideration. In practice, however, it has proved difficult 
to implement the met aod in its strictest form and most of the current 
procedures represent compromises in which limited amounts of data from 
the particular films of interest are combined with the re 3ults of 
separate experiments on auxiliary films. 
Procedures of this type using ,P and df /4T measurements 
have been widely reported in the literature, as for example in the 
work of Broquet and NguyenVan(76) , Dorey and Knight (77)  and others. 
Resistivity measurements made over a range of temperatures are 
especially useful in assessing the degree of specular scattering in 
individual films since, as a result of equation 3.4., the reduction 
of film resistivity with decreasing temperature is associated with 
a lengthening of the electronic mean free path and the reduction of 
Q. 
the k. value of equation 3.9. 
Thus, in the case of films of stable structure, resistivity 
measurements made over a range of tempeatures may be used to deduce 
experimental 	 data, comparable with those of Figure 3.3., 
provided valid estimates of the appropriate a-,  and t 	values are 
available at each temperature of interest. 
The factors affecting the O, value of evaporated films were 
discussed briefly in Section 3.3.1., where it was noted that Pf may 
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be modified by contributions resulting from defects and impurities 
introduced by the preparation method, as well as that due to surface 
scattering. 	 - 
The variation with time and temperature of the ,P 	, ( prepara—. 
tion method), resistivity component may be expressed by writing: 
(3.20.) 
where P, CO is the overall film resistivity and the other symbols 
have the meanings assigned in 3.3.1. 
Assuming that 	is the same for films of different thickness 
prepared under the same deposition conditions, .(which is unlikely to 
be perfectly true, but which may be a good approximation), the 
possibility exists 	of preparing a 'thick' film, for which 
f 
is negligibly small. Denoting the resulting value of ,Pf by 
gives: 
fe(Y) 	p0(r) +p(t,r)  
and it is clear that 	is the appropriate base for size effect 
resistivity comparisons. 
Recalling equation 3.4.: 
(4170 
	Ji 
it is evident that apart from electron density changes introduced by 
size—effect lattice parameter variations, the resistivity/mean free 
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path product remains constant, even down to the thin film situation. 
It is therefore possible to write: 
f, JL 
from which 1. 
	
tQ J'3V 	k 
ç 27t) e2 n h73 
(3.22.) 
the appropriate mean free path in the thin film 
case, can be found. 
Thus, in a practical investigation, it is necessary to evaporate 
a 'thick' film for every new set of deposition conditions, so that the 
appropriate P0 and values can be established. 
3.4. Conduction in Network Films 
The network stage of growth is characterised by a wide range of 
structural variations. In the ultra thin region, the conducting 
filaments are few and extremely thin, so that their contribution to 
the electrical conductivity may he negligibly small. The observed 
conductivities are low t edth temperature coefficients reminiscent of 
island conduction. At the other extreme, the network may differ by 
only a few pores and unfilled cells from an intact laminar structure 
and in most respects the measureable electrical behaviour is 
indistinguishable from that of the continuous conductors of the 
preceding section. 
At the present time there is no generally applicable quantitative 
theory to explain this electrical behaviour. 
Nevertheless, the experimental evidence(79) , suggests that no new 
conduction process is involved: rather, the mechanisms of activated 
island conduction and of size--effect modified metallic conduction 
take place concurrently, in proportions which depend upon the details 
of the film structure. As a result, the sign of the temperature 
a 
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coefficient of resistance is variable, and positive, negative and 
zero values ofc p /dT 	have been reported, including the 
temperature/resistivity minimum reported by Feldman (78).* 
The structural dependence is an extremely sensitive one, 
particularly in the thinnest films, where the conductivity may depend 
to a large degree on the survival of a small number of coherent 
filaments. More generally, conductivity modifications result from 
grain surface, and boundary scattering and from interisland, tunnel-
ling, as well as from the path elongation effects implicit in the 
convoluted film geometry. Post-evaporation treatments which change 
these contributions, such as annealing or surface oxidation, may 
therefore have a disproportionately large effect upon the conductivity 
compared with typical island film and continuous film changes. 
Technological interest in network structues for resistor element 
applications has for this reason concentrated upon the thicker net-. 
works, where the activated conductivity component is negligible and 
the instabilities produced by slow changes of the film microstructure 
are small. 
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THE ORIGINS OF THE PRESENT STUDY: THE EXPERIMENTAL PROBLEM 
4.1. Introduction 
In 1964, Lucas 
(80) 
 published a brief account of an anomaly in the 
electrical behaviour of superimposed gold films. Using continuous 
films down to about 60R in thickness, Lucas showed that two separate 
types of behaviour could be distinguished when an overlayer of a 
similar material was deposited, viz: 
unannealed films: overlayer deposition resulted in a monotonic 
	
resistance decrease. 	 - 
annealed films: films annealed in air for a few minutes at 
about 300°C showed considerably lower resistivities than 
unannealed films. On overlayer evaporation, their resistance 
first increased to a peak value, (typically about 1.1 times 
the post annealing value) before decreasing smoothly with 
a slope similar to that of the unannealed films. 
These two contrasting effects are shown in Figure 4.1., for a typical 
series of polycrystalline gold films. (Lucas, 1964 (80)). 
Lucas offered a qualitative explanation of these effects in terms 
of a change in the surface scattering properties of the films, 
assuming a Fuchs/Sondheiiner size—effect conduction model. Making 
use of a procedure similar to that of Section 33.4., the unannealed 
films were assigned totally diffuse scattering properties at both 
surfaces. The annealed films on the other hand, were assumed to be 
asymmetrical, with 	 . 	Tat the film/substrate interface, 
(nd, near—specular scattering, ( 	( 	), at the outer film 
surface. The effect of the overlayer was interpreted in the unannealed 
case as simply increasing the thickness of ----already diffusely-- 	- 
scattering conductor. In the annealed films however, the overlayer 
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so that the surface scattering component of the resistivity was 
increased. 	 - 
In the latter case, the measured film resistance was treated as 
the sum of two terms: 
an increasing component determined by the changes of the 
specularity parameter. 
a decreasing component, corresponding to the increase of the 
film k value produced by the overlayer. 
In a series of supplementary experiments, Lucas observed 
similar effects in annealed gold films overlaid with Pb, Sn, Fe, Al, 
Ag, Cr, SiO and Bi 203 films. In some of these cases, the observed 
resistance changes were considerably greater than those of the 
original Au/Au experiments, though possible complications arising 
from the formation of intermetallic compounds, alloying, or some 
other unknown mechanism were not discounted. 
In the remaining sections of this chapter, the progress in over—
layer studies since 1964 is outlined, together with the concrete 
and speculative technological implications of the theory. The chapter 
concludes by reviewing the unresolved experimental problems posed by 
the published evidence up to 1968, from which the origins of the 
present study derive. 
4.2. The Over1ayr Theory 
The effects outlined in the preceding section found quantitative 
expression in two distinct stages. 
For the first and simplest case, that of similar base/overlayer 
materials, an extension of the Puchs/Sondheimer treatment of 3.3.1. 
was necessary and the Lucas analysis outlined in 3.3.2. was developed 
specifically to deal with this problem. The maximum possible resistivity 
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increase resulting from specularity changes may be obtained directly 
from Figure 3.4., by comparing the 	q = 1 and 	0 values of 
for any particular base film thickness. The enhancement 
of the resistivity change for the thinner films is clearly indicated. 
A more detailed analysis is necessary to deal with the problem 
of dissimilar base/overlayer combinations. The procedure of 3.3.1. 
may be applied once more, assuming that the base film/overlayer film 
interface is transparent to conduction electrons and that the unper- 
turbed Fermi function is the same in both materials. The full analysis 
for a pair of materials with different electron mean free paths was 
(1) given by Lucas in 1964 	. The conductivity ratio is finally given 
as: 
0-a 	&+3 ( 
F (r, k -c 
	
1-2. ' 	I-2. ) 
I 
+ 	6 	3 • 
- A. k2. 	 j 
Cr, 	,TI 	
, 
p ) 0  
2. 
where Ot and , are the two film thicknesses, .Q 	and 	are the 
electron free paths in the films of thickness cL and b respectively, 
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= Q Iki and 	 6/ t, 	and 	and 	are the 
specularity parameters for the outer surfaces of the layers of thick-
ness o and b respectively. The functions F 	and Cr are 
given by: 
F(r,k 1 ,t 
k1 ))(i-9)tp(-Ji) 
C1 	 T 
(4.1.(a)) 
and 
&(r) 	 (-A _2..L)) 	......(4.1(b)) 
-r 
4.3. The Technological Implications of the Overlayer Results 
Certain of Lucas' assertions are the subject of continuing 
experimental investigation, particularly in the case of dissimilar 
base—film/overlayer—film combinations. Nevertheless, important aspects 
of the theory appear to be confirmed by independent experimental 
evidence(2) quite apart from that adduced by Lucas and the general 
framework within which the theory was proposed has been used to 
discuss practical thin film problems which had previously been treated 
in only qualitative terms. 
Two contrasting problems of this type are outlined in the 
following subsections. 
4.3.1. Surface Protection of Passive Components. Present day thin film 
production techniques often result in accurately trimmed arrays of high 
stability passive components, which must be protected from environment-
al effects to ensure long.-term stability. 
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Practical methods of achieving this include the various vacuum 
and inert gas encapsulation procedures 
(81) 
 in which the whole sub-
system is enclosed within a hermetically sealed container offering 
a high degree of protection from moisture, oxidation and mechanical 
abrasion. However these packages are expensive and their intro- 
duction into an otherwise continuous vacuum production process i s 
cumbersome and wasteful of time. The possibility of replacing this 
procedure by the use of cheap evaporated layers of durable dielectric 
materials such as silica or magnesium fluoride is therefore an 
important research objective. 
Some progress has been made in this respect and in certain 
applications it is possible to carry out this substitution with 
no significant loss of performance or reliability; this process 
is unfortunately not applicable in every case: frequently the evapora-
tion of the initial silicon oxide (or other) dielectric layer 
results in significant changes in the values of the thin-film 
resistors, often taking the circuit outside the original specifi-
cation or even in extreme cases causing failure of individual 
components. 
It is suspected that some of these effects are the results of 
disruptive internal stresses, originating possibly from ill chosen 
combinations of ovorlayer materials and substrate temperatures. 
Even so, resistance changes are observed which cannot be explained 
on this basis and it is in this field that the most immediate 




effort has been expended in the study of the surface scattering 
component of commercial thin film resistors, with the object of 
developing a method of predicting the magnitude of the resistivity 
changes which are produced on overlayer deposition. 
4.3.2. Active Device Possibilities. The experimental results of 
Figure 4.1. apparently demonstrate the possibility of changing the 
resistance of a thin film conductor by modulating the surface specu-
larity parameter. The changes are of course irreversible and their 
magnitudes are small, but they are reinforced by the analyses of 
Sections 3.3.2. and 4.2. from which the possibility of considerably 
larger changes may be deduced. 
The possibility of reversibly inducing an enhanced form of this 
effect has been considered as the basis of a surface—effect active 
device: either an amplifier, in a situation where continuous variation 
of the scattering parameter is possible, or more likely a histable 
device, in which the stable conditions are represented by the p = 1 
and p = 0 extremes of the specularity parameter. 
An obvious approach to this problem, paralleling Lucas' experi-
mental work, is to seek methods of varying the specularit5r parameter 
using electric or magnetic fields, or possibly an optical or microwave 
technique. 
No suitable means of achieving this variation has yet been devised 
and progress in this direction awaits a more detailed understanding 
of the physical origins of surface scattering. It seems likely that 
the problem is one in which the simple approach embodied in the Fuchs 
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theory is inadequate and that a treatment in terms of the Greene 
theory outlined in 3.3.3. of the previous chapter will ultimately 
prove more profitable. 
74) 
Several workers 
(73, have considered the possibility that in 
metals at least, the origins of the specularity parameter will be 
found to be associated directly with the permanent microstructure of 
the film, in a way'hich is unavailable to rapid external modulation. 
An alternative approach has therefore been proposed in which the 
emphasis is laid not upon changing the specularity parameter, but upon 
varying the effective overlayer thickness. 
Figure 4.2. shows the results of a typical computer calculation 
illustrating the consequences of such a possibility, assuming a gold 
base film. fflpo values are drawn for a series of baselayers of 
different thicknesses upon which specularly scattering overlayers of 
varying . values are supposed to have been deposited. Again, a 
maximum 	/PO change of about 3:1 is indicated, this time for a 40. 
base film with an overlayer It. value varying between .01 and 10. 
The magnitude of the effect decreases quickly with increasing base 
layer thickness. 
The experimental realisation of this effect depends, as before, 
upon the availability of a suitable mechanism with which to vary the 
effective thickness. In the present state of development of the 
subject, it appears more likely that such a mechanism will be found 
within a semiconductor size—effect context than within a metallic one, 
possibly exploiting the surface mobility work of Ramey and McLennan (82)  
(71) 
and others 
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4.4. The Post Lucas Work 
The controversy surrounding the physical origins of surface 
scattering continues, despite the existence of the various scattering 
theories outlined in Section 3.3.3. Moreover, the magnitudes of the 
effects reported by Lucas were not large: resistance changes of 
around 10010 were typical for similar base/overlayer materials, rising 
to 80%-90% in the case of favourable dissimilar combinations, such 
as Au/Pb, Au/Cr, Au/Sn or Au/Fe(l). Recalling also that these values 
were measured in ultra-thin base layers in'thi.ch internal stresses, 
differential thermal expansions and slowly varying structural imper-
fections may contribute appreciably to the resistivity of the film, 
it is clear that careful experimental investigation is necessary in 
order to confirm that the resistivity variations of Figure 4.1. are 
indeed the results of surface scattering changes. 
This work was begun in 1964 by Meyer (2), in an investigation of 
the relative significance of certain of Lucas' base film preparation 
procedures. These had several unusual features, including the 
deposition of a bismuth oxide nucleation layer before the main base 
film evaporation. The bismuth oxide layer was evaporated to a thick-
. ness of about 140 on the glass substrates in order to induce elec-
trical conductivity at the ultra-small thicknesses required to 
demonstrate the effects. 
Meyer's investigation concentrated mostly upon the details of 
the air annealing procedure for gold base films. After deposition, 
Lucas had merely removed the specimens from the vacuum system and 
placed them on a hot plate atatomperature of about 3500C for a few 
minutes. Neither temperature nor time was apparently critical, and 
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the process was usually allowed to continue until a resistivity 
minimum was achieved. 
Meyer studied this sequence in detail and attempted to optimise 
the procedure with respect to time, temperature and the composition 
of the gas surrounding the specimen. He concluded, like Lucas, that 
an annealing period of about 5 minutes at 350 °C was adequate, but 
found that the gaseous atmosphere conditions were more complex. 
In a separate investigation, Chopra and Randlett(83) repeated 
many of Lucas' measurements on gold base layers and extended the 
study to include base films of Ag, Al and Cu. The results of this 
work differed significantly from those of Lucas and Meyer. 
In experiments using similar base/overlayer materials, no 
appreciable resistivity maxima were observed, eventhen the electrical 
properties of the base film implied a high degree of specular 
scattering. Lucas' Au/Au results were attributed to his use of 
metastable discontinuous films in which resistivity changes of micro—
structural origin could be induced by overlayer deposition. It was 
also observed that the resistance of both specular and diffuse base 
films could be changed by the deposition of an overlayer of a 
different material and that the magnitude and sign of the effect 
depended upon the particular combination of materials used but not 
noticeably upon the specularity parameter. In most of the measure-
ments, the resistivity change reached a maximum after the deposition 
of only a few atomic thicknesses of the overlayer. 
Chopra and Randlett were unable to invoke an orthodox surface 
scattering mechanism to explain these results, since it was assumed 
that the conductivity of an already diffusely scattering film could 
not be reduced further by varying the specularity parameter. 
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An alternative explanation was suggested, in terms of a new size-effect 
mechanism whose origins lay in the electrical dissimilarities-of the 
base and ovèrlayer materials. It was speculated that the, new 
mechanism would be most effective at low k. values, like the Fuchs! 
Sondheimer process, so that the concurrent existence of orthodox 
surface scattering and the new mechanism was mathematically equivalent 
to the use of negative 	values,or to increasing the length of the 
equivalent bulk mean free path. 
The results of Chopra and Randlett caused reconsideration both 
of the theoretical and the experimental bakes of Lucas' 1964 work. 
The need for even more careful laboratory work using experiments 
designed to isolate the overlayer-induced surface scattering changes 
from possible large scale changes of the bulk structure of the films 
was generally accepted. 
A detailed examination of the overlayer effects from this view-
point was carried out by Campbell and others 	between 1964 and 1966 
Concentrating at first on polycrystalline films, Campbell confirmed 
Lucas' experimental results in air-annealed gold films evaporated 
on bismuth oxide substrates; in a careful study of the annealing 
procedure, general agreement with Meyer was found and an optimum 
annealing temperature of about 275 °C in air was adopted. Resistivity 
maxima were demonstrated in sputtered as well as evaporated films and 
the enhanced effects reported by Lucas in dissimilar base/overlayer 
combinations were repeated. 
Like most of the published work, these experiments had used 
disoriented polycrystalline base films. In these circumstances, the 
problem of distinguishing between true surface effects and irrever--
sihie bulk structure changes, (which Chopra and Randlett's work has 
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served to underline), was an exceptionally difficult one. Campbell 
therefore proposed that the work should be transferred to a single 
crystal film context, where the grain boundary scattering component 
of the resistivity is small compared with the phonon and surface 
scattering components. Even so, the experimental problems of 
preparing suitable single crystals are considerable and a significant 
proportion of Campbell's experimental effort was taken up in develop-
ing an epitaxial method of preparing single crystals of Ag and Au. 
Using air and vacuum cleaved rock salt substrates, these attempts 
were ultimately successful and a means of preparing (100) epitaxial 
films of Ag and Au was developed, though no overlayer measurements 
using these films have yet been reported in the literature. 
4.5. The Unresolved Experimental Problems 
The preceding section examined the post 1964 overlayer work. 
Even so brief a review underlines the fact that the literature now 
contains serious inconsistencies not only of interpretation, but of 
experimental observation. 
The differences are most acute between the investigations of 
Lucas80) and Meyer (2)  on the one hand and of Chopra andandlett(83) 
on the other. These two bodies of work differ in several important 
respects of which the most serious concerns the nature of the base 
films used in the Lucas/Meyer work. 
It is clear from the electron micrographs cited by Meyer (2)  in 
support of the Lucas overlayer hypothesis that the gold base layers 
used in their study were virtually continuous, even down to 80k, as a 
result of the use of a bismuth oxide nucleating layer. The assertion 
by Chopra and. Randlett that Lucas' observations were in fact due to the 
use of unstable network structures is therefore difficult to support 
X01 
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on the published evidence. 
Chopra's own Au/Au overlayer measurements on apparently continuous 
base layers reveal no resistivity maxima, even for base layers with 
ostensibly specular conduction properties. Direct comparison with 
the Lucas/Meyer results is made difficult by the use of a different 
substrate material, (ultrasonically cleaned glass) and by the absence 
of an annealing procedure, but even then the contrast with the Lucas/ 
Meyer results is unexpected and significant. 
In the case of base layers of materials other than gld, there are 
no comparable Lucas/Meyer results, though those of Campbell etal 
show a measure of qualitative agreement for Ag and Cu. Again the 
comparison is an inexact one because Campbell's process involved-a 
Lucas/Meyer nucleating layer and an air annealing stage, though the 
temperature and time of annealing differed from those of Lucas and 
Meyer. 
Campbell(84) was the first to take account of the method of 
film preparation in calculating the size—effect resistivity ratio 
( f/f ). The details have been given in Section 3.3.4., together 
with a practical means of introducing the modified fo value. 
Writing before Campbell, neither Lucas nor Chopra made any mention 
of the method used to obtain the PO values required in assessing 
the specularity parameters of their films. The use of the bulk 
resistivity values is known to result in a pessimistic estimate of 
the degree of specular scattering, or, in the case of a film which 
is in fact diffuse, in an actual resistivity greater than the maximum 
predictable on Fuchs/Sondheimer grounds. 
Chopra and Randlebt(83) admit that in their own work films of 
resistivities greater than the Fuchs/Sondheimer limits were classified 
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automatically as porous. Since it is apparent from the same authors' 
Ag results, (reproduced in Figure 4.3.), that the film resistivity 
in this case asymptotically approaches a value some 25% higher than 
the bulk, it is necessary to determine whether this Pf value or 
the bulk 	value was used. In the latter case, it is obvious that 
a range of otherwise validcontinuous films would have been wrongly 
excluded from the study by being classified as porous. 
The possible implications of this may be illustrated by an example. 
Returning to Figure 4.3. and applying the approximate Puchs/Sondheimer 
resistivity expression 
fr =1D0(i 3 
to 20O films, with mean free paths, it , 	 close to the bulk (523) 
value, gives: 
1Pf 	fo (i 	L,. 
2..00 
	 + o.ca 
With little error this may be written: 
If 	f (' + 	 . . . . . . (4.3. ) 
Introducing the bulk value of the resistivity, (1,60)A.fi.. - ems) for 
, together with Chopra and Rand.lett's measured value of about 
3.2y9L. —ems for the Pf 	of an uncoated 200X film results in an 
equation for p: 
= lG C I -- 
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and Randlett in reaching a similar result, o that their use of the 
bulk 	value is apparently confirmed. 
On deposition of an overlaer (of germanium in this case) the 
lm resistivity rose to about 4.0y._cms, exceeding the limits of 
the Fuchs/Sondheimer theory. Results of this kind formed the basis 
of the new size—effect scattering mechanism proposed by these authors, 
whichws mathematically equivalent to the introduction of negative 
p values in equation 4.2. 
Consider however an alternative interpretation: in equation 
4.3. suppose that instead of the bulk value of l,6O,U?..-ems, the 
asymptote j 	value of Figure 4.3. is substituted. - a figure of 
about 2Q —ems in this case. Returning to equation 4.3. and forming 
a new equation for p gives: 
3.2. 	= 	2.. (-1- Ci-/)) 
from which a p value of 0.4 follows indicating an appreciable degree 
of specular scattering. A similar approach may be applied to the 
overlaid films. Substituting 
/ 	4.,u-0_ —ems and 1P0 = Z,t).—cms 
gives the equation: 
which is satisfied if totally diffuse scattering is assumed, with 
P = 0. 
Thus, in this case, by the use of a revised f 	value, it is 
possible to interpret the results in Fuchs/Sondheimer terms, without 
the introduction of a new scattering mechanisth and in agreement with 
the Lucas theory. 
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The other published data are insufficient to test this possibility 
for other materials, but since the effects in Ag were claimed by 
Chopra and Randlett to be the most pronounced among all the materials 
studied, even this single result is significant. 
Data from Ag films are particularly useful when it is recalled 
that the early published work concentrated almost exclusively on 
annealed Au films in which Meyer suggests an atypical association 
between the overlayer effects and the formation of a new surface phase. 
The absence of an annealing process in the Chopra/Randlett work 
suggest that overlayer-induced resistivity maxima may at least be 
induced in Ag without the formation of a surface phase and in the 
absence of a bismuth oxide nucleating layer. 
The problems of microstructural changes during overlayer deposition 
(and afterwards), still remain in the Chopra/Randlett work. The 
possibility of self-annealing effects is nowhere mentioned, though 
the absence of an annealing stage and the polycrystalline structure 
of the deposits suggest the presence of internal strains whose time 
and temperature variations should ideally have been taken into account. 
There is no doubt that grain boundary scattering contributes an impor-
tant component to the resistivity of polycrystalline films, nor that 
large resistivity changes occur on annealing. The attraction of 
Campbell's approach in using single crystal and epitaxial films is there-
fore considerable, since not only does it minimise the size ofthe non-
surface-originated scattering components, but in theory at least, 
it translates the study to a standard crystalline structure in which 
accurate comparisons of different data are made easier. 
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Finally, the universal acceptance of mediocre vacuum conditions 
for the study of overlayers, including in some cases the absence of 
any form of cold trap is in itself a major criticism not only of the 
Chopra/Randlett and Lucas/Meyer studies but of some of the Campbell 
work. Apart from the possibility of chemical modification of films 
of the more-reactive materials, these conditions result in the rapid 
obscuring of the base film surface by adsorbed layers of the residual 
gases and in the worst cases, to the coating of the surface with a 
film of pump oil. The effects of these contaminants cannot 
accurately be predicted, especially in studies which include air 
annealing stages. Again, the problem of comparing results from 
different laboratories is made difficult and the choice of possible 
base layer materials is restricted to the less reactive metals such 
as Au and Ag. 
4.6. The Experimental Programme 
In the preceding sections it has been suggested that a major 
unresolved problem in overlayer research is that of conclusively 
separating the true surface effects from the other chemical, absorptive 
and microstructural possibilities which are actively present in most 
thin film situations. 
It is implicit in this view of the problem that the area most 
requiring investigation is paradoxically not that of the overlayer 
properties themselves, but instead, of the properties of the original 
base layers. The first priority is therefore that of achieving a 
thorough understanding of the stability and electrical behaviour of 
the base films. Only when this has been, achieved can the overlayer effects 
be re—examined successfully. 
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It is possible to visualise an idealised experimental approach 
to this problem in which many of the difficulties of the published 
work would be overcome. The main characteristics of such an investi-
gation would be: 
the use of single crystal films, preferably of materials 
other than Au, 
the use of oil—free ultra—high vacuum (U11Y) conditions. 
the omission of any pre—evaporated nucleating layers. 
the absence of an annealing stage. 
the facility to carry out all the electrical measurements 
in UIiT. 
close correlation of the electrical and structural proper-
ties of the films. 
Clearly this list is not exhaustive: several other secondary features 
such as accurate specification of the substrate condition and close 
control of the composition of the residual gas atmosphere would 
also be attractive, though possibly less urgently required than the 
six features mentioned above. 
The experimental part of the present workkiich is described in 
detail in the next chapters, was organised to meet these six basic 
requirements in so far as was practically possible. 
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APPARATUS AND TECHNIQUES 
5.1. Introduction 
In this chapter, the experimental apparatus and the experimental 
techniques are discussed separately. 
In the first half, an account is given of the specification and 
design of the vacuum system, together with the details of the evaporator/ 
mask-changer assembly. Descriptions are given of the other major 
components such as the resistivity measuring system and the substrate 
cleaving jig. 
Experimental techniques are examined in the second half of the 
chapter including the pumpdown and bakeout procedures and the operation 
of the apparatus during substrate cleaving, film evaporation and resis-
tivity measurement. Methods of data reduction, film stripping and 
thickness-monitor calibration are described. 
5.2. Experimental Apparatus 
Gold and silver films were used in most of the experiments. The 
films were evaporated in an oil-free ion-pumped vacuum system at 
pressures less than 10 8 torr. The geometry of the films was set by 
out-of-contact masks and a mask changer assembly enabled contact and 
resistor patterns to be superimposed on the same substrate. The sub-
strate temperature was controllable over the range 50°C-400°C by the 
use of a resistance heater. Electrical contact with the films was 
made by two sets of probes which were connected to an external resis-
tance monitoring system. Film thickness measurements were made during 
evaporation by an oscillating quartz crystal monitor. A vacuum 
cleaving jig was used for some of the evaporations in mica substrates. 
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5.2.1. The Vacuum System. The films were prepared in a welded stain— , 
less steel vessel of approximately 90 litres total capacity. The 
vacuum chamber and most of the associated pumping equipment and 
instrumentation were supplied by Varian Associates Ltd. Figure 5.1. 
shows the main external features of the chamber including the ring of 
ten 21" diameter service ports through which electrical and mechanical 
contact with the apparatus was maintained. On the upper half of the 
chamber can be seen the two 6" diameter ports, in one case fitted 
with a 2" diameter quartz viewing wLndow and in the other with a 6" - 
1 1" adapter section on which a magnetically coupled high speed rotary 
feedthrough was mounted. 
With the exception of the main equatorial flange, all the pores 
were fitted with 'conflat' knife—edge seals in which copper gaskets 
were used. The equatorial ring was fittedwith .a 12" diameter 'Wheeler' 
flange for which both copper and re—usable Viton gaskets were available. 
The plan view of Figure 5.2. shows the arrangement of the main 
services to the system. 
Three separate pumping systems were fitted: 
(i) The Roughing System: two separately valved, liquid nitrogen 
cooled sorption pumps were used (Varian 'Vacsorb' type 941-5610, with 
type 5A molecular sieve). The pumps were permanently mounted on a 
trolley so that they could be taken aside conveniently at the end of 
the roughing port marked in Figures 5.1. and 5.2. The bakeable valve 
indicated in 5.2. was used to isolate the roughing system from the 
vacuum chamber when necessary and to seal the system during bakeout 
when the sorption pumps were removed. The sieve material in the 
sorption pumps was regenerated using the spiral heaters visible in 
Figure 5.2. 
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The Ion Pump: the main pumping unit was a 50 1/s diode ion 
pump (Varian 'Vacion' type 912-6000). The pump was connected to the 
chamber by a 6" diameter pipe section as shown in Figure 5.2. The 
3.8 kv DC power supply was provided by a Varian type 921-0032 control-
ler mounted on a nearby instrumentation rack. 
Titanium Sublimation Pump: a titanium sublimation cartridge, 
(Varian type 916-0017) was fitted to a 2" port on the lower half of 
the chamber as shown in Figure 5.2. Three independent filaments were 
available, each drawing about 47A from the associated control unit. 
(Varian type 922-0030). Above the cartridge, an angled baffle 
confined the titanium to about 1500 sq.cms. of the surface of the 
lower half of the chamber. 
- 	 The chamber pressure could be measured in three different ways, 
starting at the highest pressures with a Hastings VT6 thermocouple 
gauge with type DV6N gauge tube, whichwas fitted at the side of the 
roughing manifold as shown in Figure 5.2. The gauge was useful 
between 1000 millitorr and 2 millitorr, provided the system contained 
air. For other gases, the scale readings required correction and 
appropriate charts were supplied by the manufacturer. 
The Hastings gauge was switched off as soon as the roughing system 
was isolated which in most cases was at a pressure of about 2 x 10 6 
torr. From this level down to 10-8  torr, the pressure was measured 
simultaneously by a Bayard-Alpert ionisation gauge (type VG-10 1  
Vacuum Generators Ltd.), and by the ion pump controller. In the 
latter case, pressure readings could either be obtained indirectly, 
by measuring the pump current and referring to the manufacturer's 
current/pressure calibration, or directly, by switching the controller 
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to the logarithmic mode. In general, an accuracy of about ± 50% 
of the indicated pressure reading was expected. In the case of the 
pump current readings the accuracy was greater, with a pressure 
uncertainty equivalent to ± 2 ,A amps of pump current. 
At low pressures the usefulness of the ion pump pressure measure-
ments was limited by the leakage current in the pump diode. In the 
case of the 912-6000 pump, a practical limit was reached at about 
10 8  torr where the pump current of 8?  A contained a 2,j. A leakage 
current component. 
At lower pressures, the ionisation gauge was the only reliable 
pressure indicator. The VG-10 gauge head was used in conjunction with 
a matching power supply/control unit, (type IGP1, Vacuum Generators 
Ltd.), which displayed each decade of pressure on a linear scale. 
The X-ray limit of the gauge head was given by the manufacturer as 
10_12  torr, whichas found more than adequate for the present work. 
The accuracy of the gauge reading is difficult to determine unless 
the composition of the residual gas is known. Assuming that the gas 
is air, a possible error of ± 50% of the scale reading was specified 
by the manufacturer. 
To achieve the lowest ultimate pressures it was always necessary 
to bake the system. In basic form, with the roughing system removed 
and no apparatus inside, the chamber was bakeable to a maximum 
temperature of 350°C, set by the ion pump specification. The specially 
constructed bake-out oven rested on the asbestos table visible in 
Figure 5.3. The inside of the oven and the surface of the mounting 
plinth were each lined with a 3.5 cm thick layer of thermal insulation. 
Strip heating elements with a total capacity of 8 kw were fitted on 
the inside of the oven, while 1kw of local heating at the ion pump 
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casing was provided by a stainless steel heating tape. Convection 
heat losses from the ion pump were minimised during bake-out by 
lagging the pump and strip heater with several layers of aluminium 
foil. 
After an evaporation, when all the necessary data had been 
collected, the system was leaked back to atmospheric pressure using 
a calibrated leak valve; the same valve was useful in studies of the 
effects of exposure of films to various contaminant gases. 
5.2.2. The Evaporator-Mask Changer. Figures 5.4. and 5.5. show the 
main features of the evaporator/mask changer assembly. 
The basis of the apparatus was a rigid chassis comprising three 
vertically-spaced triangular plates, supported at the apices by three 
rectangular--section pillars. These were bolted to the mounting lugs 
in the lower half of the vacuum chamber. 
Apart from certain specialised components which are mentioned 
explicitly later, the apparatus was made entirely from stainless 
steel (to BS EN58E), and polished to a high surface finish. 
The source baffle was bolted over a 15 cm x 6.5 cm milled aper-
ture in the lowest of the triangular plates and consisted simply of 
a rectangular box open at the bottom, with a sliding shutter at the 
top. The box was made of stainless steel sheet, spot welded at the 
seams. The baffle enclosed two resistance-heated molybdenum boats 
which were separated from each other by a vertical fin so that cross 
contamination of the sources was impossible. The source was exposed 
by opening the top shutter using the windlass arrangement indicated 
in Figure 5.5. 
The apparatus prepared one film specimen per pumpdown. The 
single substrate was located on the centre line of the chamber, 
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15 ems above the source baffle. Figure 5.6. shows the mechanical 
details of the substrate holder, including the spring loaded frame 
used to press the substrates firmly against the copper heater block. 
The holder was designed to accept 2.5 cm square substrates of 2 mm 
thickness, but a range of square copper shims was produced to allow 
the use of thinner substrates. The lower surface of the copper 
block was milled flat to improve the thermal contact with the substrate. 
A set of eight parallel " diameter holes was bored along the length 
of the copperi.bLock to hold the substrate heater, which consisted of 
eight identical lengths of four-bore quartz thermocouple tubing through 
whichs threaded a molybdenum wire heating element. A chromel/alurnel 
thermocouple bolted to the upper face of the block gave an approximate 
indication of the substrate temperature. The thermocouple wires were 
led outside the system via the 20 way instrumentation feedthrough 
to a stepless controller, (type SCR-15, Eurotherm Ltd.), which both 
indicated the temperature of the copper block and controlled the heater 
current to maintain any desired temperature in the range 50 °C-400°C. 
In what foliows, -whon the substrate temperature data are given, 
the temperature is the stable thermocouple temperature - that of the 
substrate heater block. 
The heater block was mounted within a milled recess in a larger 
stainless steel block as indicated in Figure 5.6. To minimise heat 
losses from the copper block, the two were not in direct contact but 
were held apart by a set of four pyrophyllite spacers. A cavity was 
milled in the larger block to mount the quartz crystal for the film 
thickness monitor. The twin wires from the crystal were led via the 
20-pin instrumentation feedthrough to the external mixer and control 
unit. (Edwards Ltd., model 1). Apart from a " diameter hole which 
uartz crystal mounted in milled recess 
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admitted the metal vapour, most of the quartz crystal was shielded 
from the heating effects of the evaporator by the geometry of the 
stainless steel block. The lateral distance between the crystal 
monitor and the substrate centre was 2.5 cm; the vertical difference 
was less than 1 cm. 
An out—of—contact masking system was used to define the geometry 
of the films. 
A rotary mask carrier with six equally spaced mask positions was 
used, as indicated in Figure 5.7. The related problems of mask 
translation and mask alignment were solved by the use of a 6 position 
epicyclic geneva cam, 'operated by the top rotary feedthrough. The 
arrangement is shown diagramatically in Figure 5.8. The advantages 
of the system are obvious from the angular displacement diagrams of 
Figure 5.8.(a). It is clear that by mounting the mask wheel on the 
driven shaft, the angular position of the masks can be accurately 
defined even when the position of the driver shaft is controlled only 
approximately. At the same time, there is an appreciable angular 
displacement of the driver shaft during which the driven shaft 
and the mask wheel are static. This was exploited to raise the 
substrate holder clear of the mask wheel during the mask changing 
operation. Figure 5.4. shows the details of the mechanism. The 
substrate holder assembly is attached to two cylindrical pillars 
which slide vertically in linear bearings. The profile plate (P) 
is traversed by a follower wheel (Q), attached to the driver shaft 
so that the substrate holder assembly is displaced vertically by 
about 1.5 mm before the mask wheel starts to move and only returns 
when the mask wheel is stationary in its new position. 
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In most experiments, only two masking stages were required.. 
The geometry of the standard masks is shown in Figure 5,9, The masks 
were made of .001" thick beryllium-copper sheet by a photolithographic 
process, starting with Irubylithl sheet master patterns at 25 times 
full scale and proceeding by conventional photoreduction and photo-
engraving techniques to the final masks.. 
Mask A in Figure 5.9. defined the electrical contact la.nds. 
In most experiments, a thick layer of material (greater than 1000X) 
was evaporated through mask A before the resistor film evaporation 
for which mask B was used. 
Electrical access to the films was by means of the electrical 
contact jig shown in Figure 5.7. The basis of the assembly was a 
milled boron nitride block, mounted on the mask wheel in the position 
next to mask A. Within the block were two sets of four lightly sprung 
gold plated probes which protruded upwards in the uncompressed 
condition by about 0.5 mm above the plane of the substrate. The centre 
of the block was milled out to form a vertical chimney, over which the 
resistor film mask was secured. The block was aligned so that the 
tips of the probes rested on the centres of the contact lands. This 
arrangement enabl?d the probes to be positioned ready for use before 
the resistor film was evaporated. The electrical wiring from the contact 
block was shielded by a baffle and insulated by a necklace of quartz 
thermocouple tubing beads. 
5.2.3, Resistivity Measurement. Figure 5.10(a) shows in block diagram 
form the four-probe D.C. resistivity measuring system, in which the 
outer contacts, (a and d in Figure 5.10(a)) supplied a controlled 
current to the film and the inner contacts (h and c), provided points 
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The details of the system were determined by two main considera-
tions: 
Sensitivity: neglecting size-effects, the resistance of a 
square of 200X thick Ag film at 25 0C is about 0.82i., so that the 
resistance of the 4:1 aspect ratio specimens used in the present work 
was about 3.212. 
Recalling the size-effect calculations of Chapter 3, it is-clear 
that at 200k thickness in Ag, the size-effect induced resistivity 
changes can amount, at most, to only about 10 01'o of the bulk resistivity 
value. To detect these variations with an absolute accuracy of only 
5% implies the use of a system with. an  accuracy of better than ± 0 .5%, 
or ± 0.01611. 
Contact effects: the wiring joining the voltage probes to the 
instrumentation contained several dissimilar metal junctions. Quite 
apart from the twin junctions commonly produced at the substrate by 
the opposition of the gold-plated contacts against non-Au films, the 
wiring included several other dissimilar metal combinations. Despite 
the pairing of these junctions, temperature differences along the 
wiring path remained, producing in most cases a small standing thermo-
electric potential, even when the current source was disconnected. 
The size of this potential varied with time, but values of the order 
of 125 microvolts were common. 
The practical form of the system is shown in Figure 5.10(b). 
The film current was set by a single transistor constant current 
generator. A decade switch selected a particular preset current from 
a range of ten values by changing the transistor emitter resistor. 
The current direction could be reversed using another switch. 
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In a practical measurement the thermoelectric voltage was determined 
by forming a complete current—voltage characteristic for the film. 
All ten current settings were used in both directions to establish 
the characteristic from which the required resistance value was 
finally extracted using the procedure described later in Section 5.3.3. 
Voltage measurements were carried out using a D.C. digital volt-
meter, (type LM1420.2, Solatron), on the high resistance films, or a 
D.C. differential voltmeter, (type 885A, Fluke), in the case of the 
thicker, lower resistance films. In the former case, an input 
impedance greater than 5000 N..was available at ± 0.05% accuracy, 
on the 0-2000 my range; for the more sensitive measurements, the 1 v 
range of the Fluke voltmeter gave infinite input impedance at null, 
1j  resolution and an overall accuracy of ± 6&V. 
A Keithley electrometer, (type 610B), was used for the original 
measurement of the current steps and for periodic checks during the 
source of an experiment. Using the electrometer on the 10 A fsd 
mode, with 'no multiplier, the specified accuracy vas ± 0.2%. 
5.2.4. The Mica Cleaving Jig. A requirement arose at one stage of 
the work for a simple means of cleaving ruby muscovite crystals in 
U.H.V. conditions. 
The mica samples were supplied in a partially cleaved condition 
by Mica and Micanite Supplies Ltd., of London, the cleavage plane 
being marked by a thin slip of paper. The samples were prepared by 
cutting with a scalpel along the directions AA and BB as showx in 
Figure 5.11. The 2.5 cm square uncleaved area was usually reduced 
slightly during the cutting procedure because the stresses in the 
material tended to warp the material and to enlarge the split along 
the AA direction. An intact central area measuring about 2 ems square 
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could usually be obtained by pressing the sample between two glass 
slides during trimming. The protruding tongue of mica left by the 
cutting operation was perforated as shown in (C) of Figure 5.11. 
and finally bent so that when the substrate was clipped in place the 
bent portion pointed downwards at a shallow angle. One sector of 
the mask wheel was cut away to avoid fouling the trailing end. of the 
substrate. 
The prepared substrates were cleaved by a pull wire driven from 
the mask changer mechanism. At one end of the wire was fixed a flat 
beryllium-copper hook which fitted into the rectangular hole in the 
substrate. The, wire led over two pulley wheels to a 3 cm diameter 
drum mounted on the mask changer drive shaft as shown in Figure 5.11. 
The wire was adjusted so that there was ample slack, with no danger 
of premature cleaving. 
After pumpdown, the substrate was cleaved by operating the mask 
changer. The operation was completewithin about 600  rotation of the 
rotary feed.through, even when generous pull-wire slack was allowed 
and there was no danger of the mask wheel fouling the trailing end 
of the mica before cleavage was complete. The discarded piece of mica, 
still hooked to the pull wire, fell to the side of the apparatus clear 
of the evaporator below.  
5.2.5. Bakeout Control. The oven power was controlled by a specially 
constructed regulator, which applied pressure and temperature condi-
tions to the process for a preset bakeout time. The basic components 
of the system were: 
(i) A temperature controlled relay, which changed state at a 
preset variable temperature in the range 50°C - 350°C. 
• (ii) A pressure controlled relay which changed state at a preset 
variable chamber pressure in the range 10-8 	 -.4 torr - 10 torr. 
(iii) A programmable timer, presettable in the range 1 hr - 24 hrs. 
The timer and relays were connected so that the oven power was 
switched on only when the pressure and temperature were below their 
respective preset values. The timer applied overall control, by 
switching off the oven power at the end of the preset time period, 
irrespective of the other conditions. 
The pressure relay used the 0 - 10 my logarithmic pressure original 
available at the recorder output of the 921-0032 ion pump controller. 
The operation of the controller during a Iiumpdown is described 
in Section 53.1. 
5.3. Experimental Techni q ues 
5.3.1. Pumpdown and Bakeout Procedures. The relatively small size of 
the 912-600 ion pump in relation to the volume of the vacuum chamber 
combined with the absence of an ion pump isolation valve to make the 
punipdown process a sensitive one in which strict adherence to a rigid 
schedule was essential. 
The main features of the schedule were as follows: 
(i) The roughing stage: with the chamber sealed, the sorption 
pumps were attached, all the valves were closed and the sorption pumps 
were chilled until the rate of consumption of liquid nitrogen had 
stabilised. 
Sorption pump no. 1 (SP1) was exposed to the chamber by opening 
the bakeable valve V3 and the viton sealed valve Vl (Fig. 5.2.). 
Starting from atmospheric pressure, the chamber pressure would normally 
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fall to about 10 torr within 15 minutes, provided the system were 
free of gross leaks. At this level, the sorption pumps were switched 
by closing Vi and opening V2. The fresh sorption pump SP2 was pable 
of reducing the pressure to the 5 x 10 torr limiting value within a 
further 30 minutes, but in most experiments the vapour sources, 
substrate heater, ion gauge and titanium sublimation cartridge were 
each outgassed at this stage, adding considerably to the SP2 gas load 
and extending the roughing period typically to 90 minutes. 
Ion pump start up: attempts to start the ion pump were made 
as soon as the Hastings gauge reading approached the 5 x 10 torr 
base pressure value. At this pressure the pump voltage frequently 
excited a luminous discharge throughout the chamber and to avoid 
damage it was necessary to disconnect all the external instrumentation. 
The ion pump was at first run in a pulsed mode for periods of 
about l-- minutes each, then left off for at least as long to cool down. 
By continued use of the sorption pump and by alternating the ion pump 
and the titanium sublimation pump cycles over a period of typically 
1--2 hours, the pressure was gradually reduced until at about 
2 x 10-3  torr the sorption pump could be valved off. Continuous use 
of the ion pump was still not possible however and the ion pump—
titanium sublimation pump cycle was continued until the pressure 
reached 5 x 10_6 torr. At this level continuous ion pumping was 
permissible and the duty cycle of the titanium sublimation pump 
could be reduced from 1:3 to 1:10. 
Bakeout: the large volume of the chamber made it necessary 
to divide the bakeout schedule into two separate phases, each lasting 
about 18 hours. 
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For the first stage the bakeout oven was not fitted and the 
controller was loaded only with the stainless steel heating tape 
which was wrapped tightly around the ion pump casing. A chromel/ 
alumel thermocouple was wedged close to the pump and plugged into 
the thermocouple input on the bakeout controller. Aluminium foil 
lagging enclosed the thermocouple tip and the heating tape as well 
as the ion pump body. The pump was baked with preset temperature 
and pressure settings of 2 x 10_6  torr and 350 °C respectively, the 
main vacuum chamber remaining relatively cool throughout. 
After 18 hours the pump was allowed to cool while the oven was 
assembled around the chamber. The controller was re—started with 
similar temperature and pressure settings and a temperature signal 
derived from a thermocouple placed on the top surface of the chamber. 
The ion pump, situated near the floor of the oven, remained cool 
during this period.. 
At the end of the second phase, the sources were again outgassed, 
the ion gauge was switched on and the substrate heater run up to 
temperature before removing the oven and allowing the chamber to 
cool. 
(iv) Final puinpdown: the titanium pump was used through both 
bakeout phases at a duty cycle of 1:5. As the pressure fell with the 
cooling of the chamber, the duty cycle was progressively reduced, 
first to 1:10 in the 10 - 10 6 torr range, then to 1:30 between 
10 8 torr and 10 torr and finally to 1:60 below 10 torr,th 
one minute of titanium sublimation every hour. 
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The ultimate pressure attainable by this means was about 5 x 10 -10  
torr, indicated by the ion gauge with the substrate heater steady at 
200°C. 
Throughout the last three of these stages the chamber pressure 
ws recorded continuously by a potentiometric chart reco'rd'er 
(Honeywell-Brown, type Y153 x 65 - V6 - X - 58N2R), which monitored 
the 0-10 my logarithmic pressure signal from the ion pump controller. 
5.3.2. Specimen Preparation. The most intricate preparation procedures 
were those in -which dissimilar contact/resistor film combinations were 
used, on vacuum cleaved mica substrates. 
- 
At the end of the second bakeout period, the substrate heater was 
set to the required temperature and maintained at this value while the 
chamber cooled. The instrumentation wiring was connected and the 
crystal thickness monitor switched on and allowed to stab.ilise. 
For most experiments the monitor controller was set to the 5 kHz range 
and the meter reading adjusted to give an initial 1 kHz deflection. 
An X-Y recorder,- (Moseley-Hewlett Packard, type 7035A), was used to 
plot the monitor deflection against time. The recorder Y input was 
connected to the 0-10 my output of the thickness monitor control unit 
while a Moseley-Hewlett Packard time base unit y (type 17108A), produced 
the X deflections. 
When the chamber pressure fell below 5 x 10 torr, the first 
source (usually the gold source) was connected. With the shutter 
closed the source current was raised to the value corresponding to 
the required evaporation rate and the X-Y recorder was started. By 
opening the shutter briefly, the evaporation rate could. he registered 
on the thickness monitor and checked from the slope of the X-Y recorder 
trace. The baffle was then closed and the monitor deflection returned 
to 1 kHz. 
SENSTISED COATINGS 
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The substrate was cleaved and the contact mask registered by 
operating the mask changer mechanism as described in Section 5.2.4. 
Contact evaporation was carried out immediately by opening the shutter 
and exposing the source for the required length of time. The X.-.Y 
recorder trace gave an immediate indication both of the evaporation 
rate and of its stability. 
The shutter was closed at the end of the evaporation and the 
first source vas switched off. The second source was run up to a 
temperature corresponding approximately to the required evaporation 
rate. With the contact mask still in position, the shutter was re-
opened and the source current adjusted finely so that the slope of 
the X-Y recorder trace corresponded exactly to the required evaporation 
rate. 
The shutter was closed as the mask changer mechanism was operated 
again to register the electrical contact jig and with it, the resistor 
film mask. Finally, the resistor film was deposited by re-opening 
the shutter for the required 
The chamber pressure always rose during an evaporation. The size 
of the pressure increase depended on the source and on the duration 
of the evaporation. For the gold source, which produced the largest 
rises, an 800X contact film requiring 2 minutes of source exposure 
increased the chamber pressure from typically 5 x 10 torr to 
2 x 10 torr. Similar evaporation using the silver source produced 
smaller rises, with the chamber pressure seldom exceeding 10_8  torr. 
5.3.3. Reduction of Electrical Data. The resistance monitoring system 
of Section 5.23. did not produce the required resistivity data 
directly each value had to be defined by determining the gradient of 
the film current-voltage characteristic as defined by the 20 
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experimental readings made for each measurement. 
In a typical experiment several hundred resistivity points might 
be necessary, each requiring a similar set of current-voltage readings. 
In these circumstances a direct graphical approach to the problem 
would have been not only laborious but, considering the small size 
of many of the changes involved, insufficiently accurate for the 
present purpose. 
Accordingly, a system was evolved in which the only manual data-
handling took place at the experimental stage, when the individual 
current and voltage readings were copied into the standard results 
table. After the experiment, these data were translated in a standard 
format to 80-column Hollerith cards. Each current-.voltage charac-
teristic was numbered and in the standard format, two cards were 
needed to store the results of each resistance measurement. 
The film thickness and the decade current generator values were 
given only once, in a set of introductory data cards at the beginning 
of the main data deck. 
Automatic processing of the data was accomplished by prefixing 
the data deck with a reduction programme to which the experimental 
results appeared as formatted data in serial form. The main programme 
objectives were: 
to copy the raw data in regular tabulated form to serve as 
a permanent record of the experimental measurements. 
to extract the resistivity from the formatted current-voltage 
data. This was accomplished by applying a least-squares-fit algorithm 
to each set of experimental points; the resistance, R of a film 
described by a set of N current and voltage measurements (i,v) is given 
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by the gradient of the optimum straight line through the set of 
points. The expression is: 
Rv L( 	 ......5.l. 
Equation 5.1. yields the film resistance in milliohms for v in micro-
volts and i in milliamps. Included permanently in the programme was 
the aspect ratio of the resistor film mask, mask B in Figure 5.9. 
Using this in conjunction with the film thickness data enabled the 
resistance value, R. to be converted directly to an apparent bulk 
resistivity. The second half of the lineprinter output consisted 
therefore of a list of measurement identification numbers, each accom-
panied by the corresponding apparent resistivity value. 
5.3.4. Calibration of the Film Thickness Monitor. Accurate deter-
mination of the film thickness is essential in thin film conductivity 
work and particular care was taken in devising a thickness measurement 
procedure. 
The convenience and versatility of the quartz crystal thickness 
measurement system have been described by Sauerbrey(85),  and by Warner 
and Stockbridge(86) and others 	in this present study the ability 
to monitor continuously the rate and the amount of evaporation during 
an experiment, without returning the system to atmospheric pressure 
was particularly useful. In some experiments, as for example in 
overlayer studies involving similar base—overlayer materials, the 
quartz monitor indication was virtually the only routine method of 
determining the thicknesses of the component layers of the films. 
This reliance upon the quartz crystal monitor laid special emphasis 
on the determination of an accurate frequency shift/film thickness 
calibration. The relationship between the monitor indication and the 
film thickness is a complex one, depending upon the density of the 
deposited material and its condensation coefficient on the quartz 
surface, as well as purely geometrical factors such as the area of 
the aperture admitting the evaporant and the angle of incidence of the 
vapour stream. 
These relationships were established by experiment in two stages. 
In the early part of the work, while the conditions for growing 
suitable base films were being studied, rough monitor calibrations 
were obtained for silver and gold by evaporating a series of films 
of different thicknesses using the standard mask patterns of Figure 
5.9. These evaporations were carried, out at moderate pressures 
(greater than 10_6  torr), using glass substrates at a temperature of 
100°C in every case. Constant evaporator currents were used to give 
approximately equal evaporation rates. 
Absolute thickness values were found for these test films using 
a Talysurf thickness gauge, and the calibrations obtained by this 
method were used throughout the first stage of experimental work. 
Ultimately, the substrate type and temperature, the evaporation 
rate and the vacuum conditions were optimised for the growth of 
silver base layers. It was possible then to re—calibrate the crystal 
monitor more accurately for these precise deposition conditions, so 
that in the latter part of the study more reliable estimates of the 
size effect contributions in the resistivity could be made. 
This new calibration was established. using the auxiliary masks 
shown in Figure 5.9. Test evaporations of different durations were 
(•( 
- carried out using each mask in turn, to produce a simple pattern of 
circular dots of different thicknesses. By including the standard 
contact mask, four separate evaporations of different duration could 
be carried out on each substrate. 
The absolute thickness values obtained using the Talysurf gauge 
were supplemented by optical fringe measurements. A standard inter-
ferometer attachment on a Union Optical metallurgical microscope, was 
used, with a sodium light source and the fringe patterns were photo-
graphed for analysis later. The fringe definition was poor because 
the system included a Foucault plate of indifferent quality: the 
resulting photographs could be measured to within only 0.1 fringes, 
or 587.. 
-The accuracy of the Talysurf gauge was considerably better than 
this. On the finest range, (x 100000), the specified error of ± 3% 
represented an error of ± lOX in the film thickness. 
The agreement between the optical measurements and the Talysurf 
measurements was generally good and the linearity of the crystal 
monitor frequency shift/thickness characteristic was established up 
to frequency deflections of 5 kHz. 
5.3.5. S2ecimen Pr eparation for Electron Mi croscopy . The microstruc-
ture of the experimental films was studied both directly and in 
transmission diffraction using the Phillips EM300 transmission 
electron microscope at the Poultry Research Centre Laboratory, 
Edinburgh. 
The films studied in this way were evaporated on 1 mm thick mica 
substrates so that a major problem in specimen preparation surrounded 
the thinning of the specimen to allow adequate penetration by electrons 
in the 60-100 kv energy range. 
78 
Using a scalpel, a. flake of mica about 2.5 mm square was cut from 
the region of interest on the substrate. The mica flake was firmly 
sandwiched between two strips of adhesive tape which were then slowly 
prised apart, splitting the mica along the (100) plane. The process 
was repeated, typically for about ten successive stages until the 
mica flake showed signs of general disintegration. At this point the 
tape was trimmed and immersed in acetone. As the adhesive dissolved, 
fragments of the specimen floated free and were scooped up on 2.5 mm 
diameter copper microscope grids. 
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The experimental work was carried out in two stages. 
In the first phase, techniques were developed for preparing films 
approaching the ideal single crystal structure. This work made no 
use of the electrical instrumentation, concentrating instead on the 
investigation of structure and alignment using the transmission 
electron microscope. 
The electrical instrumentationwas introduced later to study the 
the stability and electrical conductivity of continuous and discon-
tinuous films prepared by these standard procedures. Overlayers were 
deposited on films of both types and the resulting conductivity changes 
were examined from the viewpoint of the conduction theories of 
Chapter 3. 
6.2. Base Film Preparation 
The Ag/mica epitaxial system was selected from the published 
possibilities for the following reasons:- 
the experimental details of the deposition process were 
uncomplicated; epitaxial films of acceptable quality have been 
reported 
(88) 
 using simple resistance sources in moderate vacuum 
conditions. 	 - 
the cleavage - properties of mica simplified the problem of 
obtaining electrically continuous films. Other possible substrate 
options such as cleaved rocksalt or silicon suffer from serious 
cleavage step problems and. continuous films cannot easily be prepared 
without the use of a polishing technique. 
mica is stable at temperatures in excess of 400 0C so that 
there is no problem of substrate evaporation or decomposition at 
high substrate temperature. 
vacuum cleavage of the substrate was possible, eliminating 
the need for a substrate cleaning procedure. 
good quality substrates were relatively cheap. 
Ag had figured prominently in previous thin film conductivity 
(51) 
studies, particularly in those of Chopra et al 
6.2.1. The Ag/Mica System. The micas are among the commonest of the 
sheet silicate minerals. 
The basic structural unit of the muscovite form is a planar array 
of silicate (SiO4) tetrahedra in which significant substitution for 
the Si atoms takes place. The type and extent of the substitution 
varies among members of the group. In muscovite, around 25% of the 
silicon tetrahedral sites are occupied by Al atoms and a net charge 
imbalance results from the valence difference in the two cases. K+ 
ions are attracted by the net negative charge and in the ideal struc-
ture all the available sites at the centres of the sheet silicate 
hexagons are filled, producing a zero net charge. The ideal chemical 
formula, (Al 2(OH)2)KA1 813010)  is seldom realised in practice: real 
+ 	+ ± + + specimens include ions other than K and Na , Rh , Cs , Ca and Ba +  
have all been reported(89).  The proportion of Al in tetrahedral 
sites also varies and in extreme cases the (Si 6Al 2 ) group nn 
approach (Si 7A1). 
Muscovite cleaves perfectly along the (001) plane, (parallel to 
the silicate sheets), to expose pairs of surfaces consisting of linked 
hexagonal arrays of oxygen atoms. 
The alignment of (iii) epitaxial silver on the (001) mica face 
has been studied in detail by Pashley ° . In the usual situation 
the L 010  mica direction is parallel to the silver [iioj, but double 
positioning is common, with the t110]  of the mica parallel to the 
silver no]. 
6.2.2. Experimental Technique. The deposition parameters were varied 
to produce a series of films whose epitaxial quality was assessed 
by electron microscopy. 
The appropriate variables were considered to be: 
the substrate type and condition. 
the evaporation rate. 
the vacuum conditions. 
A practical advantage of the Ag/mica combination is that this 
search procedure, requiring in principle a large number of evaporations, 
can be started from a fairly close initial set of values, obtained 
from the successful published accounts. 
In this case, Jaeger, Mercer and SherwoodIs(889l92) (JMS) 
results were used, with the expectation that differences in the mica 
substrates and the geometry of the experimental apparatus might result 
in a slightly different set of final deposition parameters. 
The J.M.S. results may be summarised as follcws: using an oil 
free U.H.V. system, epitaxial growth was observed in two cases: 
using vacuum cleaved mica substrates at 3000C and an 
evaporation rate between 50k/minute and 1500A/minute. 
using similar substrates at room temperature, (20 0C), and a 
high evaporation rate (1500X/minute). 
Poor epitaxial growth was reported at 100 °C and 200°C and for 
evaporations on air—cleaved substrates at any temperature, the 
orienting influence of the substrate apparently diminishing on 
exposure to the atmosphere. 
6.2.3. Experimental Results. The J.M.S. conditions were tested by 
carrying out a series of evaporations over a range of thicknesses. 
The mask jig was set up in its final form, with both the contact 
mask and the resistor mask in position. The mica cleavage fixture 
described in 5.2.4. was commissioned for these experiments. 
The bake—out schedule of Section 5.3.1. was applied in every 
case, producing a final pressure of less than 5 x 	torr at 300°C 
substrate heater temperature. The combined pumpdown and bake—out time 
was seldom less than 3 days. 
25 °C Results: A range of films varying in mean thickness between 
150. and 550R was prepared on vacuum—cleaved substrates at a constant 
evaporation rate of 1500/minute. After evaporation, the films were 
removed from the vacuum system and measured using the Talysurf stylus 
gauge before dissecting the areas required for electron microscopy. 
Figure 6.1. summarises the results. 
The thinnest films were discontinuous, with irregularly shaped 
islands some 400X to 600X across (Figure 6.1.(a)). 
Most particles had rounded outlines suggesting liquid like 
behaviour. 
Besides the island deposit, Figure 6.1.(a) illustrates the 
speckled discolourations which appeared in many of the micrographs. 
In most cases the effect showed as a random pattern of spots, 
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uncovered areas of the mica. Occasionally the patterns were less 
random, as in Figure 6.1.(b), where a dense band of spots is clearly 
visible against an otherwise random background. Adjacent areas of 
the same substrate were often completely free of blemishes. 
None of the micrographs showed any preferentialnucleation on 
the discolourations and no special precautions were taken to select 
films from unblemished regions. The origin of the spots is discussed 
in Appendix (A). 
By comparison with Figure 6.1..(a), Figure 6.1.(b) shows all-
developed island structure in which coalescence has reached an advanced 
stage. The islands are larger, (typically 100OR diameter), and fewer 
than before, though in the larger grains the outlines of the original 
components may still be traced. 
The onset of network structure occurred suddenly at about 300L 
- 	In the immediate post-network stage little structural detail could 
be identified; films such as figure 6.1.(c) (350) appeared merely 
as porous sheets of aggregated granules with few superficial indi-
cations of epitaxial alignment. This is confirmed at lower magnifi-
cation in Figure 6.2., where the range of pore sizes and the lack of 
crystalline structure are clearly indicated; the diffraction data 
indicated relatively small amounts of unaligned material within a 
population of substantially well-epitaxed granules. 
Increasing the thickness to 450X produced. a continuous deposit 
for the first time (Figure 6.1.(d)). Crystalline grain outlines 
emerged and comparison with Figure 6.1.(c) indicates the extent of 
the structural reorganisation involved in the transition. Within the 
disorder of Figure 6.1.(d), tetrahedral stacking faults and double- 
positioning boundaries provided superficial evidence of (111.) epitaxial 
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FIGURE 62 	DEPOSITION AT 25 °C (x 1.0000) 










FIGURE 5 3 	DEPOSITION AT 25 °C (x160000) 
growth which was confirmed in the diffraction photographs. 
At greater thicknesses, the deposits generally resembled 
Figure 6.1.(d). Figure 6.1.(e) (550) shows a typical example grown 
in this case on a blemished mica substrate. The average granule 
sizes and the diffraction photographs differed little from the 
corresponding data for the 450 film of Figure 6.1.(d). 
None of the micrographs in the 350X to 550R region demonstrated 
liquid-like behaviour to the extent of Figures 6.1.(a) and 6.1.(b). 
At high magnifications the grains retained their angular shapes 
down to crystallites a few hundred-angstroms across, (Figure 6.3.), 
and there was no evidence of granular coalescence. 
The alternative high temperature J.N.S. conditions were tested 
in a similar series of experiments. All the deposition parameters 
were maintained at their previous values except the heater block 
temperature, which was controlled at 300 °C throughout the series. 
The evaporations covered the thickness range between 150 and 650X. 
300°C Results: The results are summarised in Figure 6.4. 
At the smallest mean thickness (150) the microscope revealed 
no structural detail and it was impossible to confirm that conden-
sation had taken place. 
Liquid-like behaviour waswell marked at 250X (Figure 6.4.(a)), 
and long, irregular islands with rounded outlines indicated the 
degree of island.. coalescence attained. 
The trend was maintained at 450X (Figure 6.4.(b)), with the 
emergence of extended sinuous islands, apparently the products of the 
fusion of several smaller fragments. Bridging phenomena were common 
at this stage, (in contrast with the J.M.S. results (92,  usually 
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FIGURE 6•4 	DEPOSITION AT 300°C 
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Al toAS = 2C JMSconditions 
B1 to 135 = 3004C iMSconditions 
Ci to C7 = intermediate temperatures. 
Oto 11 = 0 series, table 62 









l tworks 	continuous structures 
A2 	A3 	M' 	A5 
1 	 I 	 I 
0 
average film thickness (A) 
FIGURE 66 FILM STRUCTURE v SUBSTRATE TEMPERATURE 
bridge, with the characteristic highly—curved neck region clearly 
visible. The width of the neck is about 60L 
In the residue of smaller particles at 450k, spherical shapes 
were common. The smaller particles were often found near the peri-
meters of large masses of deposit as in Figure 6.4.(c) in a way which 
suggested an immediately pro—coalescence situation. Small particles 
at various stages of coalescence are visible even within interior 
spaces in the larger granules. 
The transition to network structure took place at about 500k 
mean thickness. The immediate post—network films covered almost 
50% of the substrate area and showed, for the first time at this 
temperature s coherent metal filaments over the whole substrate 
surface (Figure 6.4.(d)). Variations of contrast within the micrograph 
suggested the fusion of areas of different thicknesses, especially 
where small, apparently thick., islands had been assimilated into 
the main matrix by bridging. 
The diffraction data indicated a more ordered. structure than the 
0 	 - 
25 C networks, .th only a few misaligned spots in each case. 
The final evaporations in this series produced, films of about 
650L mean thickness. The films were generally similar to the 
previous 550X set, both in appearance and in the diffraction traces. 
Reviewing these results, it appeared that neither of the J.N.S. 
substrate temperatures was suitable for the present purpose; on the 
one hand, the 25 °C evaporations had produced continuous films at 
acceptable thicknesses but with poor crystalline quality; on the other, 
deposition at 300°C had produced. films where the persistence of 
liquid—like behaviour had prevented the formation of sufficiently 
thin layers for the electrical investigations. 
The possibility of achieving acceptable results at some inter-
mediate substrate temperature was investigated in a third series of 
experiments in which both the film thickness and the substrate 
temperature were varied. The conditions necessary to prepare 
continuous films could only be estimated from the previous evapora-
tions and the results included examples on both sides of the con-
tinuity threshold. 	No island films were produced. 
In this work, it was convenient to classify the films in terms 
of their positions on the main growth sequence of Chapter 2. 
Three main structural categories were distinguished: 
(1) Island structures 
Networks 
Continuous films. 
The second category was subdivided into three classes, each 
representing a more advanced stage of growth: 
Class (A): primitive networks with only a. few coherent filaments. 
Class (B): well developed networks .ith a substantial number of 
coherent paths; the limbs of the network substantially flat over the 
whole of the structure. 
Class (C): immediately pre-continuous structures, with no unfilled 
channels and only a few residual pores. 
Table 6.1. summarises the evaporations of this series. Each 
film was stripped for microscope examination and the classification 
system outlined above was applied.. Figure 6. 165, shows the variation 
of film structure with thickness and substrate heater temperature 
suggested by the micrographs. (The results of the earlier 25 °C and 
° 300C experiments are included for comparison). Most of the films 	- 
TABLE 61 EVAPORATIONS 	AT INTERMEDIATE TEMPERATURES 

























class B network 
were assessd as class (C) networks or as continuous deposits, so that 
the boundary between continuity and the network structure could be 
éslimated with reasonable accuracy; no class (A) or class (B) networks 
were produced. 
The substrate temperature was the dominant factor in determining 
the film structure. 
At the lowest temperature (100°c), the deposits lacked such super-
ficial signs of oriented growth as well-formed triangular crystallites 
and 60° and 1200  grain boundary interesections. Films (Cl) and (C2) 
showed no signs of long range order or of (111) basal plane orientation 
(Figure 6.7.(a)); both deposits appeared to consist merely of loosely 
connected aggregates of essentially separate crystallites, of which 
few showed evidence of having modified their boundaries to conform 
with the geometry of neighbouring particles. 
At 150°C, films (0) (Figure 6.7.(b)) and (C4), (425X and 500A), 
showed a similar structure inasmuch as the granules were still 
clearly separate, but the emergence of large fault-free crystals with 
long common boundaries implied a greater degree of inter-particle 
adjustment than before. The inclined planar defects, (such as stacking 
faults and thin twinned sheets), which began to appear at this tempera-
ture produced some diffraction spot elongation. The residue of small 
crystallites showed fewer signs of cohesion and probably gave rise to 
the faint diffraction rings. 
In the 175 °C film of Figure 6.7.(c) (C5), angular granules with 
sides parallel to the three principal directions on the mica surface 
were visible everywhere, together with sharply defined inclined faults 
both within and between independent granules. Some grain boundaries 
were less distinct and evidence of granular coalescence was found in 
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FIGURE 67 	DEPOSITION AT INTERMEDIATE TEMPERATURES 	(x63O) 
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the growth of heavily-faulted mosaic sheets. 
At 200°C, these tendencies were maintained. Figure 6.7.(d) 
shows the structure of film (C6) ( 500), in which a substantially 
unified sheet, (with fewer faults than Figure 6.7.(c)), fills most 
of the photograph. A web of thin straight lines covered the film, 
apparently outlining in some cases the boundaries of the original 
components of the sheet; elsewhere, the lines radiated from regions 
of strain and had the, appearance of the misfit dislocations described 
by Matthews. 
Among the networks, the same cohesive improvement with increasing 
temperature was observed. Liquid-like behaviour was evident in the 
partial rounding of external boundaries, even in cases when straight-
line internal boundaries were clearly visible, (Figure 6.8.), though 
few examples of bridging phenomena were observed. Many internal 
boundaries were found to intersect at accurate multiples of 600, 
except in granules linking relatively massive sheets of material, where 
the deposits frequently showed signs of strain. In the example in 
Figure 6.8., these strains have locally perturbed the alignment of the 
silver on the mica to produce Moire fringes in an otherwise feature-
less region. 
6.2.4. Conclusions. The conclusions of the first phase of the work 
were threefold: 
Effects of substrate temperature: no single epitaxial 
temperature 	
(94)
, in the sense used by Bruck 	was observed. In every 
respect the quality of epitaxial growth improvedith increasing 
temperatureup to the 300°C maximumised in the investigation. 
Continuity: the mean thickness required to produce continuous 
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VARIAIIOII OF A OF THICK (z 9 000A) FiLMS [EPOSITED AT VARIOUS 
TEMPERATURES AGAINST SUBSTRATE TEHPERA1URE 
films increased quickly with increasing temperature, as indicated 
approximately in Figure 6.6. 
(iii) Samples for electrical conductivity studies: the useful range 
of deposition conditions is necessarily a compromise because of 
conclusions (i) and (ii). In terms of Figure 6.6., the useful 
region was bounded at the high temperature end by the need to use 
films in which the possible size effects were greater than the resolu-
tion of the electrical instrumentation. In the present case for 
measurements at say, 100 °C, this set an upper limit of 800-9001. on 
the thickness, corresponding to a maximum deposition temperature of 
about 250°C. 
At the low temperature end, the region was bounded by the need 
to use films with a consistent stable structure; film (C5) (Figure 
0 
6.7.(c), 175 
0 C, 435 A), was arbitrarily selected as the lower limit 
of structural acceptability, thus defining the lower temperature 
boundary, 
The useful region was therefore: 
temperature limits: 175 °C to 250°C approximately, 
and thickness limits: 	435. to 850? approximately. 
in accordance with Figure 6.6. 
6.3. Electrical Properties of Nominally Continuous Films 
The methods of Section 6.2. were used to prepare a series of 
nominally continuous films of various thicknesses. The resistivities 
were measured and compared with the Fuchs-.Sondheimer (F-S) predictions; 
overlayers were deposited and the resulting conductivity changes 
examined from the view-point of the Lucas-F-S overlayer theory. 
AN 
6.3.1. Determination of 	. Thick films (c. 10,00O) were deposited 
at 175 0C, 196 0C 9  222°C and 249°C to determine the appropriate bulk 
resistivity (fo ) values for the resistivity comparisons, as outlined 
in Section 3.3.4. 
The deposition conditions of Section 6.2.4. were used, with slight 
modifications to the vapour source. 
Using the method of Section 5.2.3., resistance measurements were 
made immediately after closing the source shutter and continueduntil 
stable values were obtained. Small initial resistance falls of about 
1% of the post deposition value were recorded in such cases. 
Resistance measurements were made as the substrate heater tempera-
tures were reduced by stages to about 100 °C. Figure 6.9.. shows the 
computed resistivity results, together with those of White and Woods (68) 
for bulk silver. 
6.3.2. Conductivity of Thin Continuous Films. Eleven nominally 
continuous films were prepared by the standard method of Section 5.3.2., 
Table 6.2. gives, the details. 
As before, resistance measurements were made after closing the 
source shutter and repeated until stable values were obtained. 
Typical resistance falls of-about 1%-2% were observed during the 
initial 45 minutes after deposition. 
Further measurements were made as the substrate temperature was 
reduced by stages to about 100 °C. Figure 6.1.0. shows the resistivity 
data, assuming the thickness indications of the crystal thickness 
monitor. 
These same results were expressed in terms of the resistivity 
ratio, f / 1P0 	, and the size effect thickness, k,by using the bulk 
resistivity date of Figure 6.9., in conjunction with equation 3.22. 
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FIGURE 6•10 	S}NGLE LAYER FILMS 	v TEMPERATURE 
1 
1 
TABLE 	6 •2 NOMINALLY CONTINUOUS RIMS FOR ELECTRICAL MEASUREMENTS. 
FILM DEPOSITION TEMPERATURE ( ° C) AVERAGE THICKNESS 	(X) 
Ui 175 450 
02 185 480 
03 210 525 
0I 220 68S 
05. 2051 570 
06 220J 625' 
137 200) 515' 
08 175 430 
09 175 465 
010 185 510 
011 190 480 
FIGURE 6 11 	ff I 	v K. 	FOR NOMINALLY CONTINUOUS FILMS 
Oil 
Figure 6.11. shows the transformed data, together with the 
theoretical F-S predictions for a range of specularity parameters. 
The effect of reducing the film temperature is to increase the 
theoretical mean free path and therefore to reduce the effective K 
value. Thus, in Figure 6.11. the situation immediately after deposi- 
tion is represented by the right-hand end of each curve; during cooling, 
the films traverse the curves from right to left. 
A significant feature of Figure 6.11. is the apparently anomalous 
behaviour of those curves lying outside the F-S theoretical limits**. 
Recalling from Section 2.4. the variability of structure within 
individual films and among films deposited under identical conditions, 
curves 8, 7, 6, and 5 were assumed to result from pores or fissures 
in the films, rather than to anomalous size effects. Direct proof of 
this was difficult to obtain since the data of Figure 6.11. were not 
usually available until one or two days after carrying out the original 
measurements; by this time the films had been used as base layers in 
the over1ayerrk of Section 6.3.3. 
In the group of films showing least p variation (viz. 1, 2, 
9, 10 and 11), p  values in the range O.20.< p < 0.49 were indicated. 
The most directly comparable published results appear to be those 
of Larsen and Boiko 	for thick epitaxial silver films, where 
specularity parameters around p = 0.5 were reported. 
**Though, with the exception of curve (8), these anomalies could be 
accounted for by the systematic errors in the r measurements. This 
is discussed in Section 7.2. 
92 
6.3.3. Overlayer Measurements. Following the resistance measurements 
at 100 
0
C, each film of the previous section was used as a base layer 
to study the effects of silver overlayers from the viewpoint of the 
Lucas-F-S theory. 
By analogy with Lucas' use of annealed gold base layers and 
unannealed gold overlayers, the epitaxial base films were overlaid 
with the relatively disordered material resulting from deposition at 
0 
100 C. The small, isolated crysta1ltes characteristic of earlier 
100°C evaporations (Figure 6.7.(a)) were, expected in theinitial 
stages to 'roughen' the base layer surface (within Lucas' meaning of 
the term), without contributing significantly to the overall conduc-.. 
tivity of the deposit. 
Using a slow evaporation rate, (c. 100k/minute), overlayer 
material was added in stages of approximately 25.. The electrical 
instrumentation was left on, with the Fluke potentiometric voltmeter 
at null. The direction of the null indicator deflection was noted 
at the start of each stage, accurate resistance measurements being 
made at the end, using the usual procedure. 
Figure 6.12. shows the results, using thickness values derived 
directly from the crystal thickness monitor. 
Neither the accurate measurements of Figure 6.12. nor the 
observations of the null-indicator showed any evidence of overlayer-
induced resistance increase; reasonably smooth resistance decreases 
were observed in every case. 
A closer examination of the five most specular films of Figure 
6.11, (numbers 1, 2, 9, 10 and 11), was made, using the bulk resis-




FIGURE 6•12 	RESISTANCE v OVERLAYER THICKNESS (NOMINALLY CONTINUOUS FILMS) 
Each measured resistivity was expressed as a fraction of a mean 
bulk value given by the expression: 
fOmeor = 	44 b (o/,°) +( t/fob) 
where a, b, ,P0 	and 	 are the respective thicknesses and 
bulk resistivities of the two layers. 
A computer programme implementing the Lucas overlayer expression 
of equation 4.1. was used in each case to predict the theoretical 
p/p. 	behaviour for P, range 
of overlayer scattering parameters. 
The experimental and theoretical results are shown together in 
Figure 6.13. 
Figure 6.13. was drawn to udy the possibility that overlayer 
deposition might decrease the proportion of specularly scattered 
electrons at a rate whichas too slow to produce a net resistance 
increase, though otherwise in accordance with the Lucas predictions. 
In fact, Figure 6.13. gave no confirmation of this possibility; in 
none of the films did the scattering implied by Figure 6.1.3. change 
significantly from the original pre—overlayer values. 
None of the sets of points showed significant trends towards 
diffuse behaviour, the curves following fairly closely the constant p 
predictions of the Lucas theory. Films 10 and 11 showed a slowly. 
decreasing trend (i.e. a tendency towards diffuse scattering), but 
the changes were distributed over the deposition period and were not 
concentrated in the first few tens of angstroms of overlayer thickness 
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It was concluded that the results gave no positive evidence of 
overlyer—induced resistance or resistivity increase, nor of over-
layer—induced reduction of the surface scattering coefficient. 
6.4. Discontinuous Films. 
In their study of the overlayer—induced resistivity changes 
Chopra andRndlett 	concluded that no increases could be produced 
by the deposition of overlayers of similar material on initially 
continuous films (Section 4.4.); the results reported by Lucas were 
ascribed to his use of initially discontinuous films. 
The results of the previous section were broadly in agreement with 
the first of these conclusions and it was considered appropriate to 
study the other aspect of the assertion and to examine the effects 
of overlayers on discontinuous films. 	A series of discontinuous films 
was deposited at a constant substrate temperature; the stability of 
these films was studied in a preliminary series of experiments before 
examining the effects of overlayers. 
6.4.1. The Stability of Discontinuous Films. Nine films were prepared 
at a substrate heater temperature of 250 °C using the usual procedures. 
Table 6.3. gives the details. The thicknesses were chosen so that 
in terms of the structure diagram of Figure 6.6., network films were 
expected. 
Resistance measurements were made at the deposition temperature 
from the instant of closing the source shutter and continued at 
intervals throughout the self—annealing period. Apparent bulk resis-
tivities were computed in the usual way, assuming the crystal monitor 
thickness readings. 
After the electrical measurements, the films were removed and 
stripped for microscope examination. 
TABLE G •3 DISCONTINUOUS FILMS USED IN ANNEALING EXPERIMENTS 
FILM MEAN 	THICKNESS () INITIAL 	f (MEAN) 	(Pcrns) 
Ni 255 19 
HZ 320 65 
P43 515 60 
615 4 . 5 
P45 765 3 .5 
N6 415 53 
N7 305 41 
NB za 1&•0 
P49 282 6.1 
TABLE 6'4 DISCONTINUOUS FILMS USED IN OVERLAYER EXPERIMENTS 
FILM 	MEAN THICKNESS(A) 	INITIAL j9(MEAN) i.cms) 
Ri 340 	 71 
R2 	335 62 
R3 325 	 68 
Dvera9e 
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As expected, the initial resistivities were significantly greater 
than the bulk values in every case, reaching a maximum of 18,JU.-cms, 
or 600% of the bulk value, for the 290? film N8. Figure 6.14. shows 
the distribution of initial post-evaporation resistivities with film 
thickness. 
The films were noticeably less stable than those of previous 
sections. Post-deposition resistance changes persisted throughout. 
the measurements and none of the films ever reached a completely static 
condition, even, in some cases, after observation over the course of 
a week. 
Self-annealing data for the whole series are presented together 
in Figure 6.15. as fractions of the appropriate initial resistances. 
The resistance data and the micrographs shoved several new 
features. 
Both the final resistance increase and the initial decrease shoved 
astrong thickness dependence. The size of the decrease and, to a 
lesser extent, the time taken to reach the minimum showed a consis-
tent variation among the samples. This enabled Figure 6.16. to be 
drawn, shoving these decreases as functions of film thickness. With 
increasing thickness, the resistance minima in Figure 6.15. deepened 
and receded along the time axis, while the slope of the increasing 
part of each curve decreased. At about 450k, the depth of the minimum 
reached its greatest value of 'v5% for film (N3), 1 hour after depo-
sition. Thereafter, the rate and the scale of all the changes 
diminished with increasing thickness. The resistivity minima became 
less acute (giving rise to the peak in Figure 6.1G..) while the 
geometry of the self-annealing curves flattened to produce imprecise 
extended minima, often after several days of measurement. 












0 - 1 
O.c 
film thickness ( X 
FIGURE 6•16 	1-  Pm in 	v THICKNESS FOR DISCONTINUOUS FILMS iP ' 
The sensitivity of the film structure to temperature change was 
considered in designing the self—annealing experiments: on balance 
it was considered more useful to study films of different thicknesses 
at a single temperature than to vary the temperature while attempting 
to keep the mean thickness constant; intercompa.risons were expected 
to be more meaningful in the former case. 
Nevertheless two films were prepared at 275 °C and 300°C for compari-
son and their self—annealing characteristics are included in Figure 
6.15. . While no detailed conclusions may be made, the general trend 
of the results at this thickness is clear; at higher temperatures the 
position of the rapidly accelerating final phase of the change advances 
along the time axis, while in the initial period, the depth of the 
resistance minimum decreases. 
The origins of the high mean resistivity values were evident in 
the micrographs of Figures 6.17(a) and 6.17.(b), corresponding to the 
615 X and 515 AR films, 	N4 and N3 (250°C). The photographs 
revealed the expected network structure at different stages of 
development. In both cases the dependence of the overall conductivity 
on relatively narrow necks and bridges distributed throughout the film 
was clearly shoivrn. 
Comparison with the unannealed films of Section 6.2.3. revealed 
several differences. Film C7 	in Figure 6.8. 	was prepared at the 
same temperature. as that of Figure 6.17.(b), but was cooled and 
removed from,the vacuum chamber soon after deposition. The thicknesses 
were: 	515 . (annealed) and 4:50X (unannealed.). The contraction 
produced by annealing is obvious. The annealed film showed a greater 
range of absorption contrast, suggesting unevenness of the deposit 
profile, particularly in the narrower neck regions where thinning 
and liquid—like contraction of the deposit were clearly visible. 
Softening of the perimeter outlines recurred throughout the annealed 
deposit to a far greater extent than in Figure 6.8. 	These 
same outlines showed a tendency to align themselves along the three 
principal directions on the mica, so that the channels and holes in 
Figure 6.17(b) had perimeters containing both straight-line and 
curved segments. Modifications of the effects produced extended 
peninsular structures, as at A, B and C in Figure 6.17.(a). or long, 
parallel-sided neck regions, as at A in Figure 6.17.(b). Neither 
effect was found in Figure 6.8. 
Examination of the internal detail was made difficult by the 
contraction and thickening noted earlier. In well-stripped films, 
such as those of Figure 6.17, some detail could be distinguished 
and it was possible to resolve grain boundaries and inclined planar 
defects. Regions such as that enlarged in Figure 6.18. showed a high 
degree of internal co-ordination. Despite the comparative smoothness 
of the perimeter and its alignment for considerable distances along 
preferred directions, the photograph shows an essentially fragmented 
infrastructure. Grain boundaries and internal spaces suggested the 
formation of the sheet by the partial fusion of small, irregularly 
shaped components; the smoothness of the boundary implied the co-
ordination of many granules over distances greater than their 
individual linear dimensions and the operation of an energy minimi-
sation principle. 
The self annealing measurements were carried out at about lO 
tori, where the theoretical monolayer formation time was of the order 
of 20 minutes. The measurements lasted longer than this, especially 
for the thicker films and it was'necessary to consider the possibility 
that some of the observed resistance increases might be due to slow 
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A 500 	film, similar to N3 	in Figure 6.15. was allowed to 
anneal beyond the resistance minimum. The pressure was then quickly 
increased to about 10 torr (by leaking air into the chamber) and 
maintained at this level for a period of 90 minutes. Resistance 
readings were taken at regular intervals. At the end of the period 
the leak was closed and the chamber pressure returned to 5 x 10 
torr. Resistance readings were taken for several hours after closing 
the leak. 
The pressure and resistance results are shown in Figure 6.19. 
The self-annealing curve showed no discontinuity corresponding to 
the period of pressure increase, despite the reduction of the 
theoretical monolayer formation time by a factor of about 1O 3 . 
It was concluded that any effects due to reactive components 
in the residual gas atmosphere were negligible at 10 torr. 
6.4.2. Overlayers on Discontinuous Films. The previous section showed 
the existence of two distinct types of resistance instability, each 
of which was affected differently by elapsed time, mean thickness, and 
substrate temperature. Chopra and Randlett's assertion that resis-
tance changes could be induced by overlayer deposition therefore seemed 
plausible, since the deposition process might be expected to affect 
all of the factors listed above. That these variations would be 
produced simultaneously and in largely unmeasureable proportions 
detracted. considerably from the scientific value of the measurements 
and made a long programme of experiments unjustifiable. 
The three films of Table 6.4. were prepared to study these effects. 
1th film was allowed to anneal beyond the resistivity minimum before 
eporating a further 10OR of silver. Overlayer evaporation was 
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substrate to the source. 
Films Ri and R2 showed no resistance increases. The most 
obvious effect of the overlayer was to reverse the trend of the 
resistivity curves; both films underwent slow resistivity decreases 
before rupturing after 33 minutes and 50 minutes respectively. 
These times were short for films of ev 440L as Ri and R2 finally 
were; the most directly comparable film in Figure 6.15. survived for 
500 minutes. 
In the case of film R3 , annealing was allowed to continue 
longer than in either of the previous cases. (Figure 6.20.). The 
resistance of the film increased suddenly as soon as the source 
shutter was opened to deposit the overlayer. The shutter was closed 
immediately, but the film was found to be virtually open-circuit, 
with a resistance beyond the range of the instrumentation. Measure-
able resistances were obtained after depositing another lOOR of 
overlayer, making about 52d in all. The new resistance showed no 
tendency to decrease but instead slowly increased before suddenly 
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DISCUSSION OF THE CONTINUOUS FILM RESULTS 
7.1. Introduction 
The systematic errors in the experimental work are examined in 
detail, in order to establish the credibility of the resistivity 
measurements. 
In later sections, the continuous film results are examined from 
the point of view of the Lucas theory. 
7.2. Experimental Errors 
The importance of the systemati6 errors in defining the upper limit 
of usable film thicknesses was outlined briefly in Section 5.2.3. 
The basic resistivity data depend on subsidiary measurements 
of voltage, current and linear dimensions. Errors may be introduced 
into this sequence as follows: 
voltage measurement: the Fluke 885A voltmeter has a specified 
accuracy given by 
• 0, 
± 	 + .O1 	1FN 	+ 
where K is a slowly varying term which accounts for drifts in the 
internal reference standards. The variation of this term over the 
period of a single resistance measurement was expected to be negligible. 
For a typical (2) film measured at 0.4 mA and 0.8 mV, the net 
systematic error is ± 0.13%. 
current measurement: the absolute values of the preselected 
current steps were determined using a Weston type 1240 digital 
ammeter with a specified accuracy of ± 0.2%. 
.wJ- 
The net systematic error in resistance measurements was there-
fore ± 0.33%. 
aspect ratio: the length/width ratio of the rectangular films 
was determined within ± 0.01% using a microscope with a micrometer 
stage. 
thickness measurement: two cases must be considered: 
meaurements using the Talysurf 4 stylus gauge alone, 
as in the case of the thick samples of Section 6.3.1. 
Errors arose from the manufacturing tolerances of the 
calibration standards (± 2.0%) and from nonlinearities in 
the electronics, (about ± 0 .5%), making a total of ± 25%. 
quartz crystal monitor in conjunction with a Talysurf 4 
calibration: the errors of (a) recur, but an additional 
component must be introduced to allow for drifts and 
nonlinearities in the quartz crystal monitor (about ± 1%). 
The total error was therefore about ± 3.5%. 
The systematic resistivity error is obtained by combining (i)-(iv) 
above. For the two cases, these are: 
(using Talysurf alone) resistance error: 	± 0.33% 
	
aspect ratio error: 	± 0.01% 
thickness error: ± 2.50% 
total: ± 2.84% 
(using quartz crystal and Talysurf) 
resistance error: 	+ 0.33% 
aspect ratio error: 	± 0.01% 
thickness error: 	± 3.50% 
total: 	± 3.84% 
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resistivity ratios: absolute resistivity values were of little 
interest in the investigation. More important were the various resis-
tivity ratios of Figures 6.11. and 6.13. 
For two films of different thickness but similar shapes, the 




where R and t denote resistance and thickness respectively. The 
aspect ratio measurement is not involved. 
So far as the thicknesses are concerned, this is not an absolute 
measurement: therefore, the errors arising from inaccuracies in the 
calibration standards cancel, though the others remain. Thus, for 
two films measured by methods (a) and (b) in (iv), the error in the 
resistivity ratio is given by: 
resistance errors: 	 ± 0.66% 
Talysurf and quartz crystal errors: ± 2.00% 
total: 	± 2.66% 
film resistivity/bulk resistivity ratio: an additional error 
is introduced if the resistivities of the 'thick' specimens of 
Section 6.3.1. are treated as bulk values, since a fraction of the 
resistivir of even a 10,000 film might be due to size effects. 
Using the Lucas approximation: 
/G 	= 	1+ 
a, 
the size of this uncertainty may be estimated. For a film at 100 °C, 
the electron mean free path is of the order of 380k (using equation 
3.22. and Figure 6.9.). 	Assuming a p value of 0.5, the error 
introduced by actual p values 'of 0.0 and 1.0 is then about; ± 0.95%, 
giving a total systematic error of ± (2.66% + 0.95%) = ± 3.61%. 
(vii) thickness/mean free path ratio (k): the denominator is 
derived from the data of Figure 6.9.,, using equation 3.22., so 
that the errors of the bulk resistivity measurement recur. None of 
the components cancels, and the total is made up: 
thickness error (quartz crystal monitor): ± 3.50% 
bulk resistivity error (using Talysurf): ± 3.84% 
total: 	± 7.345,' 
7.3. Discussion of the Continuous Film Results 
Considering first the thick film resistivity data of Figure 6.9. 
the most obvious feature is the small size of the deviation from the 
White and Woods (68) bulk values. Indeed, if the ± 2.8% systematic 
errors are'considered, the results for the highest substrate temperature 
overlap these bulk values by a small margin. Comparisons between the 
experimental curves are more accurate than the absolute resistivity 
measurements themselves, because the aspect ratio errors and the 
uncertainties in the Talysurf calibration standards need not be 
considered. A net relative error of ± 0.8% results for each curve, 
and the general trend of the data, with progressive increases in 
the resistivity of films grown at the lower substrate temperatures, 
is confirmed. 
The films of Figure 6.10. were too thick for examination in 
either of the available transmission microscopes, but there is no 
reason to doubt the obvious conclusion that the results merely reflect 
- the greater structural disorder ofthe films grown on the cooler 
substrates. 
P tell I 
In the thin film results of Figure 6.11. the effects of the 
systematic errors are such that only films 1, 2 1 9, 10 and 11 can 
be assessed as partially specular without any qualification; film 8 
must be discounted, probably because of fissures and pores, while the 
remainder are too near the p = 0 F—S curve to be decisively classified 
in either group. The relative positions of all of the curves are 
unaffected by the ± 1% global error resulting from the possible 
size effects in the PO values of Figure 6.9. 	These relative 
positions and the gradients in the A/P. k plane are therefore 
subject to a systemattc error of only ± 2.66%, so that the p variations 
are at least partially confirmed. 
This conclusion differs from that of Broquet and Ngyen Van (76)  
who report virtually no p variation with temperature in polycrystal-
line Au films. The variation in Figure 6.11. is most acute among the 
most diffuse films, the partially specular samples (1, 2, 9, 10 and ii), 
showing virtually constant p values by comparison. The direction 
of the changes, with a tendency towards diffuse behaviour as the 
temperature decreases and the mean free path increases, suggests the 
presence of additional size—effect resistivity components, possibly 
originating from two—dimensional constrictions at pores or fissures 
in the films. Two—dimensional size—effect contributions would indeed 
produce a steeper dependence on temperature: a P,40 variation 
somewhere between that implied by the F—S expression of equation 3.8. 
and the MacDonald and Sarginson square wire formula. 
(96) 
 would be 
expected. 
Among the overlayer results, the most rigorous test of the Lucas 
hypothesis in the present work is embodied in the resistance/thickness 
data of Figure 6.12. Here, with a total systematic error of only 
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± 0.33%, the resistance changes resulting from overlayer deposition 
are shown. Significant errors are to be expected in the thickness 
measurements because of the small size of the steps and the slow 
evaporation rate, but these should not have affected the ordinate 
(Le. resistance), axis changes. Even so, fairly smooth, non-increasing 
resistance/thickness records were obtained in every case, despite the 
fact that the theory indicates potential resistance increases ranging 
between 7.5% and 16% among the five semi..-specular samples of Figure 
6.li. 
The transformed data of Figure 6.13. are less exact because of 
the errors introduced by the various thickness ,and bulk resistivity 
terms in the algebra of the transformation. Nevertheless, it is 
impossible to infer a decisive trend towards diffuse behaviour without 
implying an improbable coincidence extending to all five of the films 
in Figure 6.13. Most significant of all, there is no evidence of a 
resistivity maximum, nor even of a less marked specularity decrease 
in the first few tens of angstroms of the overlayer thickness, where 
changes predicted by the theory should have reached their maximum 
observable values. 
In the light of this conclusion it is appropriate to re-consider 
the theoretical model against which the experimental results have been 
compared. 
Clearly only two general conclusions are possible: either that 
- the model is accurate, but that the experimental procedures of 
Chapter 6 did not succeed in producting measurably large resistivity 
changes; or else that the Lucas overlayer model is deficient in some 
respect and that the published overlayer-induced resistivity changes 
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are due to some different mechanism. 
At this stage it is appropriate to consider the factors which 
might contribute to the ineffectiveness of the overlayer experiments 
of the previous Chapter. Among these must be included the basic 
deposition system parameters, as well as the &uitability of the 
particular metallurgical system used in the study, where the control 
of the structural quality of. the base film layers and the attainment 
of structural stability before overlayer deposition rank as major 
considerations. 
Deaiingfirstwith the experimental environment, it is clear from 
the descriptions of Chapters 5 and 6 that in terms of vacuum—level 
achieved, freedom from contamination, stability of substrate tempera— 
fire and the. control of .evaporation rate, the conditions. achieved ±n 
this study were significantly superior to those used by Lucas and 
Meyer. 	.. 	 .. 	. 
The (Ag/Ag) ,metallurgical system used for 'most of the work was 
used extensively in the o.riginal .Luc as/Meyer :study cnd is one in 
o which distinct ov.erlayer induced resistivity changes - have been. 
(83) 
reported . . The use in this study of thicker pitaxial silver base 
layers in proferce to the ultra-thin ciMin layers used by Lucas 
and Meyer resulted in a reduction in the prd.icted magnitude of 'the 
overlayer induced resistivity increase and laid great emphasis on 
the accuracy of the resistance and thickness, measurements; never-
theless, when the errors in these measurements are taken fully into 
account, the theory indicates that for a significant proportion of 
samples the effects should have fallen easily within the capabilities 
of the apparatus, 
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To maintain the Lucas model, it is necessary to imply that the 
additional scattering produced by the overlayers is virtually 
negligible, despite the grossly confused structural appearance of 
100
0Cfilms in the electron micrographs such as Figure 6.7.(a). 
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DISCUSSION OF THE DISCONTINUOUS FILM RESULTS 
8.1. Introduction 
The main object of this part of the work was to test the 
Chopra_Randlett(83) assertions concerning the effects of overlayer 
evaporation. This was achieved by deliberately producing discon-
tinuous films and studying first their stability and then their 
response to overlayer evaporations. 	 - 
The first phase of this programme, which was intended originally 
as a preamble to the second, became a major portion of the work as 
the huge resistance variations experienced by the discontinuous films 
became obvious. 
The origins of these variations, and theii possible implications 
for the original overlayer problem are discussed in this Chapter. 
8.2. The Experimental Data 
The main experimental results may be summarised as follows. 
8.2,1. Electrical Characteristics. All the films followed a charac-. 
teristic electrical behaviour pattern, shown symbolically in 
Figure 8.1. 
The freshly evaporated films were always unstable, without 
exception showing initial resistance decreases which became less 
rapid with time until at B, (Figure 8.1.), an apparently static 
condition was reached. The situation at B was never in fact completely 
stable and persistent observations over longer periods of time revealed 
an accelerating upward resistivity trend. In the case of the thinner 
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specimens it was possible to follow the ascending BC portion of the 
characteristic to a conclusion where the film underwent final rupture. 
The shape of the characteristic curve was modified by several 
factors, some of which were examined in detail: 
(1) the film thickness: thicker films showed less rapid 
variations than thin ones in the final BC stage of the characteristic. 
The situation was reversed over much of the AB region, with the thinner 
films generally showing slower rates of initial resistance decreases. 
In some cases the minimum resistivity points were difficult to 
identify because of the slow rates of change involved: above a thickness 
of about 500X in the 250 0C experiments, the depth of the resistivity 
minimum decreased with increasing thickness, reaching only about 1% 
in the case of the 282k film. 
(ii) substrate temperature: the changes of Figure 8.1. were 
accelerated by increasing temperature, though the study of temperature 
variations was not extensive and exhaustive data were not produced. 
For films of a given thickness, the limited data of Figure 6.15. 
suggest both an acceleration of the progress along the life curves 
and a reduction in the depth of the resistivity minima. 
It was demonstrated experimentally that the presence of residual 
gases in the system had no observable effect on the life curves. 
8.2.2. Structural Studies. Two main features were evident: 
(i) evidence of agglomeration in large masses of deposit: in 
some films which were thin enough for good microscope examination, 
the internal structure appeared to contain masses of fused smaller 
granules, frequently of regular geometrical shapes. 
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(ii) development of minimum—energy perimeter shapes: at the 
external boundaries of these same deposits, smooth boundary outlines 
were evident despite the complex internal structure. Diffraction 
photographs implied good epitaxial alignment, confirming the impression 
obtained from the micrographs. 
8.3. The Physical Basis of the Life Cycle Curve 
As a starting point, it is useful to consider the data of Figure 
6.16., showing the depth of the post—evaporation resistivity minimum 
as a function of the apparent film thickness. The points represent 
a wide range of post—evaporation times, depending on the thickness 
of the films. It is significant that the range of thicknesses over 
which Figure 6.16. shows variation coincides, albeit approximately, 
with the region in which the phase diagram of Figure 6.6. predicts a 
probability of network formation, in preference to the island and 
continuous forms. 
It is appropriate to consider in more detail the partitioning 
of material into the various structural forms as a function of the 
indicated thickness. Suppose initially, attention is confined to the 
situation immediately after the evaporation stops - the pre—annealing 
situation. Qualitatively, a curve of the form shown in Figure 8.2. 
might be constructed, in which the proportion of the deposit existing 
in, island form is suggested, following the conventional view of the 
evolution of the continuous structure. 
The three regions indicated in the figure may then be distinguished, 
at least in a notional sense: 
region A: in which all the deposit is in island form. 
region B: marked by the existence of at least one continuous 
filament traversing the film. The structure is a mixed one in which 
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islands coexist with filaments, the filaments occupying a greater 
proportion of the deposit as the thickness increases. In common with 
the observations of several authors(8397) the island material is 
shown declining very rapidly as the transition from the island 
structure to the network takes place; in the subsequent period, 
smaller minima are indicated in the figure to suggest the assimilation 
into the network of islands formed by secondary nucleation. 
(iii) region C: in which the film has achieved continuity and 
increases in thickness with little change in structure. 
8.3.1. The Assimilation of the Island Material. The data of Figure 
6.16. apply to a set of network films for which the middle region of 
Figure 8.2. is appropriate. Clearly, some variation of the relative 
proportions of island and network material with thickness is to be 
expected, and it is relevant to consider the behaviour of the reservoir 
of uncommitted island material during the post evaporation period, 
particularly when it is recalled that micrographs such as Figures 
6.17(a) and 6.17.(b) taken after prolonged self annealing, show 
virtually no island material of any description. The earlier micrographs 
of Figures 6.1. and 6.4., showing many small islands, serve to 
discount the possibility that the fault lies in the specimen stripping 
technique; therefore it must be concluded that the island material 
proposed in the figure has either been re—evaporated or has been 
incorporated into the main network structure during the annealing 
process. 
The first of these possibilities is examined in the standard works 
on nucleation theory, cited in Chapter 2, where re—evaporation is 
shown to be improbable for silver particles comprising more than a 
few atoms at this temperature. Thus, excepting the minute proportion 
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of particles which defy the statistics, it must be assumed that the 
disappearance of island material implies absorption by the main body 
of filamentary material during the annealing process. 
The mechanism by which this process is achieved cannot be 
observed directly in apparatus of the kind used here. However there 
is considerable circumstantial evidence in the micrographs, supported 
 by the direct microscope observations of others (98 '99) , suggesting 
that an important part is played by the translation of the islands 
over the substrate. The observations of Basset(98), of Pash1ey 
and others using epitaxial island deposits grown on atomically smooth 
substrates suggest that small isolated granules of material are 
capable of random translatory movements. 
In the case of silver crystals on atomically smooth MoS 2 sub-
strates, Sears and Hudson (102) have likened the granule translations 
to a Brownian Motion, made possible by the relatively low shear ibrce 
required to translate the granules over the surface. For a granule 
with area A in contact with the substrate, the average energy 
fluctuation required to translate the crystallite by a jump distance 
dx is just: 
kT 
assuming a thermal energy source. Then if the shear stress associated 
with crystallite translation is 	, the force may be written: 
so that 
Ak kT 
or 	 dix . k1/&A  
A simple inverse relationship between the jump distance dx and 
the contact area A is implied by equation 8.1.; A may be treated as 
the projected area in the case of well flattened granules. 
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For a given substrate type and temperature it can be seen that 
the jump distance depends only on the crystallite area, while for 
crystallites of similar size, the translations depend directly on 
the temperature. 
With the assumption of circular islands of radius r,. Sears and 
Hudson derived the numerical values: 
r 
dx = lOOk 
from Basset's 	experimental results; the relatively low F value 
implied by these figures was ascribed to the presence of a layer of 
adsorbed gas on the substrate surface. 
Finally, there is impressive evidence (16), to support the existence 
of a mechanism of liquid—like fusion, even at temperatures considerably 
below the melting point,where the evidence both of electron diffraction 
and moire fringe patterns confirms the essentially solid nature of the 
material. 
Taking these observations together, it is possible to visualise 
one of the evolutionary processes occurring during the self annealing 
period: at the instant when evaporation ceases, a mixed structure 
exists, including both filamentary material and islands, according to 
Figure 8.2. The structure is well advanced into the growth stage of 
development and the island material and filamentary material are 
surrounded by areas of exposed substrate, with roughly uniform 
spacing between islands and filaments. The electrical conductivity 
of the structure is relatively high compared with that of island 
structures, and results almost entirely from the continuous filaments. 
Negligibly small contributions result from the various inter—island 
conductive possibilities. 
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With the interruption of the vapour stream, the growth of 
individual islands and the thickening of established filaments ceases. 
However the random translatory movements of the deposit persist, their 
amplitudes determined by the sizes of the individual granules, by the 
substrate temperature, and possibly by some factor comparable with 
in equation 8.1., reflecting the smoothness of the substrate. 
During the translations, collisions occur among particles and 
provided the surfaces in opposition are crystallographically compatible, 
fusions occur, resulting in new particles of larger net mass and 
consequently reduced translational mobility. Ultimately, all the 
material in the original discontinuous film becomes incorporated by 
fusion into the main filamentary structure, or else becomes part of 
an island agglomeration whose total mass is so large that its mobility 
becomes negligibly small. At this stage the film approaches virtual 
stability. 
The end—point of the process would occur when all the island. 
material had either been absorbed into the network, or joined to some 
large, immobile island; electron micrographywould he expected to 
reveal little or no evidence of free island material. The perimeters 
of the final, immobile filaments and islands would be expected to be 
long and ragged, since such boundaries would merely represent portions 
of the outlines of the smaller component granules. 
Referring to the summarised experimental data of Section 8.2. 
it is evident that the mechanism described above would explain the 
initial decrease with time of the electrical resistivity, symbolised 
by the region AB of the life cycle curve (Figure 8.1.), as well as 
the marked absence of island material in the final annealed. films. 
At the same time it is obvious that this mechanism cannot.explain 
either the rising BC portion of the life cycle curve, or the 
unexpectedly smooth. perimeter outlines of the annealed deposits. 
8.3.2. Perimeter Smoothing. The granule translation mechanism, if it 
exists, must operate iL. parallel with some other process, so that the 
two effect.,;, superimposed, combine to produce resistivity curves of 
the form of Figure 6.15., and electron micrographs such as those of 
Figure 6.17. 
In seeking such a mechanism it is useful to recall that the 
process of fusion suggested above represents the operation of a 
surface energy minimization principle. During fusion, it is assumed 
that a pair of suitable opposed surfaces undergoes fusion to produce 
a single larger particle only when the total surface energy of the 
product particle is less than that of the original components. It 
is natural to consider the consequences of the continuation of such 
an energy minimisation principle into the post—fusion stage, where the 
only factors which may be changed to reduce the surface energy involve 
the geometry of the film itself. 
According to the picture suggested above, the structure of the 
post—fusion network is energetically inefficient, with long perimeter 
lengths and frequent sharp, highly curved corners; despite the 
complexity of the geometry, this situation has much in common with 
the pre—coalescence condition of islands during the island growth 
stage, where a similar surface energy minimisation principle is 
known to provide the driving force for geometrical change. 
This problem has been studied by Pashley (38);  in the terminology 
of sintering theory, a neck forms at the point of contact of pairs of 
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coalescing spherical islands. Initially, the radius of curvature (R) 
of the neck region is small and an intense driving force, given by 
2 'r/P.. , operates to transfer material from the spheres to fill up 
the neck region. (Cris the surfaceiorgy). Mass transport takes 
place either from the bulk region of the spheres (by volume diffusion) 
or from the perimeter (by surface diffusion). The evidence from 
direct electron microscope observations of the fusion process (38)  
supports a surface diffusion mechanism in which the neck radius, x, 
grows at a rate given by 
ALT) .t 	 .(8.2.) 
where A(T) is a sensitive function of temperature, t is the time and r 
is the radius of the original sphere. (x<0.3 r). 
By an extension of this principle, Pashley has explained the 
general behaviour of structures of more complex geometry by assuming 
mass transport towards regions of high curvature in order to minimise 
the surface energy. 
8.3.3. Joint Operation of the Annealing Mechanisms. If the processes 
of island fusion and perimeter smoothing are assumed to operate 
consecutively, the post—fusion situation may be visualised as one in 
which the deposit profile assumes an angular, inefficient configuration, 
where mass transport by surface diffusion is probable. 
The ragged perimeter boundaries become smoother as material is 
redistributed along the perimeter line, resulting finally in the 
smooth boundaries typified by Figure 6.17. In the epitaxial situation, 
where the total energy includes a term which depends on the alignment 
of the material on the substrate, an additional constraint is 
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introduced and the end point of the smoothing process may not be the 
one in which the perimeter length is minimised; instead, polygonal 
shapes may be preferable, particularly if they permit large areas of 
material to take up minimum energy configurations. 
Throughout this process, the efficiency of the film boundary 
tends to increase, and with it the ratio of the film area to the 
perimeter length. When it is recalled that the electrical conduc-
tivity of network structures depends almost entirely on the survival 
of long, sinuous filaments of material, which are certainly not 
efficient in a surface energy sense, it is clear that the effect of 
the mass transport process is ultimately to destroy the continuity 
of these channels, and to decrease the apparent canductivity of the 
films in a fashion reminiscent of the increasing BC portion of the 
graph of Figure 8.1. 
It can be seen that the two processes outlined above, taken 
together, offer an explanation of the experimental observations 
summarised in Section 8.2. In a real situation it is more precise 
to consider the operation of the mechanisms simultaneously rather than 
consecutively, so that in the AB phase of Figure 8,1, the observations 
imply that the rate of production of new conduction paths by the 
absorption of island material temporarily exceeds their rate of 
destruction by perimeter smoothing; as the supply of uncommitted 
material declines, the destruction of the conduction paths becomes 
the dominant tendency and the net resistivity increases. 
8.4. The Effects of Thickness and Temperature Variation 
Besides the two mechanisms of structural change proposed above, 
other factors associated with chemical changes and with crystalline 
defect removal are expected to be present; however in the UHV measure- 
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ments on aligned films reported here, their magnitudes were expected 
to he small and they are not discussed in detail. 
The complex geometry common to both mechanisms represents the 
main difficulty in an orthodox comparison of the proposed annealing 
mechanisms with the experimental results, since in neither case does 
there exist a theoretical method to predict the detailed variations 
with U.me, film thickness and substrate temperature. 
8.4.1. Factors Affecting the Perimeter Smoothing Mechanism. The 
situation is marginally less acute in the case of the perimeter 
smoothing mechanism, where the sintering approach pioneered by 
Pashley may be treated as a small—scale model of certain features of 
the problem. With careful qualification, it is at least possible to 
infer general trends and tendencies in the complex real situation by 
extrapolating from the simple coalescing sphere model. 
As a starting point, suppose that the neck radius to sphere 
radius ratio x/r, can be treated as a rough measure of the progress 
of the coalescence process; then equation 8.2. may readily be rearranged 
to give: 
--- 	(ACT) 	t) 
70 r 
where the assumption of mass transport by surface diffusion is maintained. 
To effect the extrapolation, it is necessary to associate the x and 
r parameters of the spheroid situation with their analogues in the 
network case. Clearly, this cannot be expected to be an accurate 
process since not only is the geometry of the network irregular, but 
the deposit profile is flattened rather than spherical, so that the 
proportions of the total energy partitioned to the surface and bulk 
regions differ from the spherical case. 
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Accepting these limitations, it is reasonable to associate the 
r parameter with the girth of the network undergoing change and the x 
parameter with the radius of the curved region.here the perimeter of 
the network is least efficient. With these assumptions, equation 8.2. 
does indeed imply much faster rates of progress for the thinner 
networks because of the r4 term in the denominator of the right hand 
side of equation 8.2. Thin networks must be expected to advance 
towards the smooth perimeter condition at a faster rate than thick 
networks at the same temperature. Assuming further, that perimeter 
smoothing is accompanied by the progressive elimination of the conduc-
ting filaments, qualitative agreement with the observations of 
Section 8.2.1. is predicted, with faster rates of increase of resis-
tivity among the networks of least average thickness. 
The behaviour of networks of the same average thickness at 
different temperatures is dominated by the A(T) term in equation 8.2. 
A(T) is known to increase rapidly with temperature 	, so that for 
films of the same nominal thickness, perimeter smoothing and the 
destruction of filamentary conduction paths are expected to proceed 
morequickly at higher temperatures. 
8.4.2. Factors Affecting the Island Translation Mechanism. The evidence 
of the experimental work, summarised in Figures 6.15. and 6.17. 
suggests that many of the measured features of the AB phase of 
Figure 8.1. take place in a systematic repeatable way, inwhich the 
measureable parameters of the situation such as average film thickness 
and substrate temperature are closely involved.. 
The implications of the proposed island growth mechanism which 
is expected to dominate this phase of the annealing period are even 
more difficult to quantify than those of the perimeter smoothing 
- 	.process of 8.4.2., since as yet there is not even a primitive model of 
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island fusion to enable even qualitative comparisons of the various 
factors to be made. 
Certain general properties of the mechanism have already been 
outlined in Section 8.3.1., where the island fusion process in 
isolation was shown to imply an initial decrease in the average 
resistivity, saturating with the passage of time as the supply of 
uncommitted material is consumed. In the final post-fusion situation, 
the model was shown to imply a structure virtually depleted of all 
island material, in agreement with the observations such as Figure 6.17. 
To go beyond this stage however and to predict, for example, 
the way in which the size and rate of change of resistivity varies 
with average film thickness and substrate temperature is a difficult 
problem, even in quite simple structures; it is only in the limiting 
cases of films near the beginning and end of the mixed island/network 
regime of Figure 8.2. where confident predictions can be made. 
In the case of films near the beginning of the island/network 
region, the potential resistivity decrease is expected to be small, 
since the proportion of island material in films just after network 
formation is relatively low. In any event, the region is one in which 
the perimeter smoothing mechanism is expected to be particularly 
effective, further reducing the probability of observing resistivity 
decreases. 
A modification of this argument may be used to cover the situation 
at the opposite boundary of the island/network region. Here, the 
greater part of the deposit is incorporated into a well developed 
network covering most of the substrate area and the average resistivity 
is already so close to the final asymptotic value that little further 
improvement may be expected. 
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Between these two limiting cases where the potential resistivity 
decreases are vanishingly small, it is proposed that there exists a 
continuous curve relating the film thickness and the potential resis-
tivity decrease. The ability to predict the form of this curve and 
to reconcile it with experimental results such as those of Figure 6.16. 
would represent a significant recommendation of the island fusion 
proposal. 
The position of the minimum turning point in a plot of potential 
resistivity reduction versus film thickness is determined by the 
interaction of opposing factors controlling the supply and mobility 
of the available uncommitted material. 
The two opposing tendencies become evident when the proposed 
inverse relationships between the island size and mobility are recalled. 
Towards the thin end of region B of Figure 8.2.., significant amounts of 
uncommitted material are expected, so that the potential conductivity 
improvement is large, assuming that all of the island material is 
capable of contributing ultimately to the conduction process. However, 
the wide spacing between these moderately developed islands implies 
a low fusion probability, lessening the chance of realising the poten-
tial resistivity reduction. Towards the thick end of region B, where 
thepotential resistivity reductions are expected to be low, the 
increased fusion probability resulting from the reduced spacing of the 
islands is offset to an unknown extent by the reduced mobility of the 
larger, more developed islands and by their increasing scarcity. 
Evidently, this situation persists throughout the B region of 
Figure 8.2., with opposing supply and mobility factors affecting not 
only the size of the potential resistivity changes, but also their 
actual rates of progress. 
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It is clear that the value of the island fusion proposal in 
explaining the results of even quite simple experiments such as those 
of Figures 6.15. and 6.17. cannot properly be assessed until there 
exists a method of predicting the implications of the mechanism in a 
real film situation for such experimentally observable properties 
as the degree and rate of progress of the resistivity reductions. 
An approach to a solution of some of these problems is described 
in the next Chapter. 
8.5. Overlayers on Discontinuous Films. 
The analogy between the sintered coalescence of spherical 
particles and the perimeter smoothing mechanism predominating in the 
BC region of Figure 8.1. serves to emphasise the sensitive dependence 
of the smoothing process on the substrate temperature. It is useful 
to recall this susceptibility when analysing the brief series of over—
layer experiments described in. Section 6.4.2., and in particular the 
anomalous result obtained in the case of film 113 	(Figure 6.20.). 
In the apparatus used in the experiments, the vapour source was 
run up to temperature before opening the evaporator shutter. The base 
film was exposed simultaneously to the vapour stream and to the 
source of radiant energy represented by the heated molybdenum boat. 
An earlier discussion has suggested that the rate of progress of 
the perimeter smoothing process increases rapidly with temperature, 
and with it the rate of destruction of the coherent filaments in the 
network. On this basis, it is reasonable to assume that the effect 
of exposing the structure to a powerful source of radiant heat would 
be to accelerate the progress of the smoothing mechanism and in the 
case of films in the BC region of Figure 8.1. to hasten the increase 
of the average resistivity. 
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In the situation of immediate interest, where the radiant energy 
source serves also as the vapour source, this tendency will be offset 
and perhaps even masked completely by the downward trend of the 
average film resistivity resulting from the supply of fresh material 
to the film. There are apparently two possibilities: 
that the film resistance will decline monotonically, though 
at a slower rate than would otherwise have been expected. 
that the film resistance will at first increase, then reach 
a maximum turning point and decrease as first one, then the other 
process predominates. 
The second of these possibilities, which in an extreme form could 
include the behaviour of the film in Figure 6.20. implies an anomalous 
resistivity versus average thickness relationship, without the need 
to invoke the scattering properties of the film surface. 
The problems of predicting the size and rate of progress of such 




DEVELOPMENT OF A MODEL OF THE ISLAND FUSION PROCESS (114) 
9.1. Introduction 
Much of the difficulty in quantifying the implications of an 
island. fusion mechanism stems from the random geometry of the problem 
which cannot be duplicated realistically in a simple mathematical 
model. 
In similar problems in related fields, progress has resulted from 
the use of dynamic modelling techniques, as in Moore, (105)  treatment 
of the nucleation problem, and the recent work of Knight et al (106) 
on the conductivity of growing films at the network stage. 
A similar approach in the present work has led to the development 
of a digital computer programme which has been used to study the 
behaviour of an idealised population of granules of epitaxial deposit, 
in which an island fusion mechanism comparable with that of Section 
8.3.1. operates. The design of the model, was biased towards the 
experimental arrangements of Chapter 5 and in its geometrical details 
it reflects the use throughout the experimental work of (ill) epitaxial 
films of silver on cleaved mica. There is no reason why the model 
should not be re-formulated for another epitaxial system. 
9.2. Realisation of the Model 
Figure 9.1. shows the basic model configuration. A sample sub-
strate area was populated with approximately equal numbers of oppositely-. 
positioned equilateral triangles, representing uncommitted. granules of 
epitaxial deposit; none of the triangles touched and the initial width 
of the inter-island channels was everywhere equal. The situation of 
FIGURE 91 	GEOMETRY OF ISLAND FUSION SIMULATION 	
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immediate interest was the post evaporation one so that no attempt 
was made to change the size of the original islands. The fraction of 
the substrate area covered by the deposit was arranged to be an input 
variable for each run of the simulation, so that its effect upon the 
rate of coalescence of the original triangle population could be 
studied conveniently. 
Provision was made in the computer programme for the independent 
translation. of the granules, and for their 'fusion' when collisions 
took place at appropriate edges. 
The diffusion and coalescence kinetics were governed by a simple 
set of rules which were varied from time to time in the light of 
experience and according to the situation which it was desired to 
simulate. The simplest assumptions were: 
(1) The mobility of each grain (or fused group of grains), 
was made inversely proportional to its surface area, in imitation of 
equation 8.1. 
Only three possible translation directions were available, 
(in the (ill) epitaxial system), or six, if the negatives of the 
three basic directions are counted. These were the directions of 
the sides of the equilateral granules. 
Coalescences occurred only when oppositely—positioned 
particles touched (i.e. side—side oppositions). Point—side coale-
scences were considered to be energetically unfavourable, and were 
forbidden. 
The result of the opposition of two similarly—positioned 
particles was in each case to cancel those degrees of freedom which 
had components in the direction of the other particle. 
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(v) The state of the model was computed at discrete intervals 
of simulated time, during which the diffusing grains were assumed 
to maintain constant speeds and directions. Fresh directions were 
allocated at the start of each time interval by means of a random 
number. routine which took account of any forbidden directions resulting 
from (iv) above. The occurrence of fusion was indicated in the 
programme by the overlapping of part of the area of one particle with 
part of the area of another, the fused product particle preserving 
thereafter the relative positions of its constituent members, exactly 
as they were at the moment of fusion. Care was taken to ensure that 
the distance which the most mobile (i.e. smallest) particles could 
move in a single translation was small compared with the linear 
dimensions of the smallest particle. Various other secondary conditions 
were applied depending on the situation of particular interest. Two 
common variations were: 
(vi)(a) (coalescence of islands only): in this case, the substrate 
was assumed to be covered only by island granules, with no encircling 
epitaxial structure. All the particles were permitted to move in any 
of the six directions, subject to the usual conditions. An additional 
programme instruction arranged that particles which migrated outside 
the area of substrate considered in the model were immediately 
replaced by particles of the same size migrating into the sample 
area in the opposite direction. 
(vi)(b) (island populations within network cells): here, the 
substrate population was considered to represent two separate classes 
of material: 
(l)a population of mobile, unconnected islands obeying 
the usual rules of the simulation, and indicated by 
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triangles 6 to 50 in Figure 9.1. 
(2) a static boundary group formed by triangles 1 to. 5, 
and 51 to 55 inclusive, together with the upper and 
lover horizontal boundaries of the figure. The internal 
perimeter of this group was treated as a group boundary 
in the usual way. The fusion rule, (iii), above, 
operated normally, so that collisions of the mobile 
internal material with the perimeter could, subject to 
the usual conditions, cause the boundary group to grow 
at the expense of the mobile island population. 
In early runs of the simulation, the model was run with an 
initially random dealout of grain sizes and positions, a Gaussian size 
distribution of granules being assumed. In such cases it proved 
difficult to arrange for the intergranular channel widths to be 
initially uniform, the initial positions of the granules leaving large 
unoccupied areas of substrate. This led to the adoption of the 
regular array of Figure 9.1., despite the superficial realism of the 
Gaussian random dealout. 
The digital computer programmes implementing the model are 
described in some detail in Appendix (B). 
9.3. Self Consistency of the Model 
Much depends on the confidence which the experimentalist may 
place on the accuracy of the model predictions, and it is appropriate 
to try to find situations in which the behaviour of the model can be 
checked independently. 
In most situations, the geometrical complexity which made it 
necessary to resort to a modelling approach makes this task very 
difficult; nevertheless some progress can be made if the relatively 
128 
simple situation at the start of the simulation is considered. 
Consider an array of equilateral triangles of side length s, such 
as that of Figure 9.1. The area of each triangle is 2. 
units. 
In a region of substrate entirely covered by identical triangles, 
the surface coverage, C, may be considered to be 1, and the side length 
of triangles .S 
Note that C. 	 so that S 
Now if surface coverage fractions less than C=1 are achieved by 
contracting the triangle side dimension to S, Cs < s 0 ) , while 
maintaining the 'original centroid positions, the interisland channel 
widths may be calculated in terms of the surface coverage factor, C. 
In fact, the interisland channel width is merely: 
cL.1i_ (so S) =_LCS0 s0 fa ) 
3 	 43 
So 	- 	) 	 . .....('.3 
The area, A, of the individual triangles is just: 
A 	5 S" 'c. 
Now in the model, the collision probability J3 	is expected to 
contain a term which is directly proportional to the translation step 
size and inversely proportional to the interisland channel width. 
The step size in the model, 9, , is determined by a translation 
constant. Thus 	may be expressed as: 
k 	- k 
A 	 - ic. 
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where K and k1 are translation constants. The collision probability, 
should therefore contain a term proportional to 
or to: _ 	k .r. 
S0 
- 
or to 	 - 
C (t-1) 
where Ito now includes all the constants. 
Evidently, the factor 	 is expected to be closely 
linked with the variation of the initial collision probability with 
the surface coverage fraction, C. 
With this result in mind it is instructive to examine the actual 
results obtained, from the model for a range of typical C values. 
Table 9,1. lists the main statistics of interest for such a series 
of simulations. The situation considered is that of paragraph (vi)(b) 
of the previous section, where a free island population has been 
assumed to exist within a single cell of network material. In each 
case the granules of material were initially distinct, with 46 
independent groups, each comprising only one particle. The rate of 
fusion in the model may readily be obtained since the occurrence of 
a fusion event diminishes the number of separate groups by one; thus 
the probability of fusion may be found by merely computing the rate 
of decrease of the number of separate groups with simulated time. 
The rate of fusion is expected to vary in a complex way for all 
situations save the relatively simple one discussed above, where the 
granules are of equal size and mobility; therefore the rate of fusion 
TABLE 	91 FUSION 	DATA ( MIXED ISLAND/ NETWORK CASE) 
SURVIVNG 	GROUPS AFTER 	I 	TiME UNITS 
C T= 1 T:2 T3 	T -_ 4 
0 - 97 21 
095 325 
090 46 365 
085 46 46 42 
0-80 66 66 46 
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which it is appropriate to consider is restricted to the case where 
only single triangle groups are involved. For most runs of the 
simulation this meant, in effect, that only the events up to the 
second or third units of simulated time needed to be considered. 
Table 9.2. lists the initial fusion probabilities, 
PO 	
0 
deduced on this basis from the simulations of Table 9.1. The results 
are plotted as a function of surface coverage (c) in Figure 9.2., 
together with the unscaled expression 	 of the previous 
paragraphs. 
The general similarity of the curves is immediately apparent and 
it is a simple matter, assuming a relationship of the form: 
= /A ( 
	I 	-) t. V'A 
(M, N constants), 
to express the results of Table 9.2. to good accuracy. The dotted 
line in Figure 9.2. shows the shape of the expression: 
fo 
to demonstrate the closeness of the fit. 
Further indications of the self consistency of the model were 
obtained by inspecting the diagrams obtained using a graph plotter 
output routine; in every case, essential features of the system, such 
as the irreversibility of granular fusion, the reductions in mobility 
asscxiated with the increase in the group size and the accurate 
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9.4. Results of the Simulation 
A range of output procedures was written into the main programme 
so that the output format could be varied to suit particular problem 
requirements. The three basic output formats were: 
a fully tabulated line—printer output: two sets of tables 
were produced; in the first of these the size, current group number 
and location of each granule was given; in the second, the group 
properties were defined by specifying the number of component granules, 
the total area, the current translation direction and the permissible 
translation directions of each group of fused granules. 
an abridged tabulated line printer output: a summarised 
version of (i) above was listed, including only the number of surviving 
groups and the simulated time; a modified version gave the number of 
granules in the perimeter group for the case of simulations of network 
situations. 
Calcomj graph plotter output: the size and position data of 
(1) were used to direct a graph plotter to give a complete frame by 
frame picture of the progress of the simulation. 
9.4.1. Running Costs. The model was applied to two main areas of 
uncertainty: 
to study the variation with surface coverage of the onset 
of apparent stability of the granule population. 
to study the progress of the growth of the perimeter region 
in network situations and to attempt to infer the effects of 
this growth on the average electrical resistivity. 
The two tabulated formats were used for most of this work; graph 
plotter outputs were used relatively infrequently, because of their 
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cost, chiefly in the second phase of objective (ii) above. 
The cost of running the model was soon found to depend upon the 
duration of the period of simulatad time which it was, required to study and 
upon the rate of decrease of the number of groups. In turn, this 
second factor was found, to be closely correlated with the substrate 
coverage factor, C, with low C values resulting in the slowest rates 
of convergence. The situation is summarised in Figure 9.3., where 
the simulated time is shown as a function of computation time for a 
set of typical C values. The high cost of modelling long periods in 
the life cycles of the thinner films is clearly shown. 
9.4.2. Simulations Involving Islands Only. The argument of 8.3. assumes 
the existence of a mixed island/network structure at the instant when 
the vapour stream is interrupted. This is clearly the most probable 
situation in the experimental work of Chapter 6, though it is not 
immediately obvious that the formation of the continuous network 
need always take place during the evaporation period; the existence 
of a mechanism of island translation and fusion could conceivably 
offer the prospect of network formation in the post evaporation 
period, starting from an initially discontinuous island structure. 
In real films, such a sequence of events would produce large, spon-
taneous increases in the average film conductivity during the post-
evaporation period. 
No abrupt changes of this sort were observed in any of the 
experiments, so that it was of interest to simulate the island 
situation in the model and to determine whether or not network 
formation was predicted. 
Six simulations of island-only situations were carried out 
comprising two runs at each of the C values 0.95 9 0.90 and 0.85. 
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None of the simulations resulted in the formation of a network; the 
situation is typified in Figure 94. where the progress of a typical 
simulation at C = 0.95 is plotted. Repeated over the whole substrate 
area, the rapid fusion of the material into large immobile clusters 
of granules as shown in the Figure is more likely to result in an 
irregular array of virtually static islands, rather than a cohesive 
network. It was concluded that spontaneous, post—evaporation network 
formation was unlikely. 
9.4.3. Mixed Island/Network Simulations. Figure 9.5. indicates the 
geometry of the island/network situation in the model. The perimeter 
region is treated as a group of connected granules in the same way 
as any other so that the first frame of each run of the simulation 
comprises one group of 12 granules forming the perimeter, together 
with 45 single—granule groups representing the initial supply of free 
material. As the processes of translation and fusion proceed, the 
number of separate groups diminishes until the internal material 
becomes so immobile that the rate of fusion becomes negligibly small. 
A measure of the stability of a mixed island/network structure 
is therefore the nearness of the system to the ultimate single group 
situation. Using a shortened form of the tabular output, it is 
possible to apply the model to this problem and to compare the 
stability of films of various c values at various stages of simulated 
time. 
Figure 9.6. shows the results of a set of simulations designed to 
study this problem. The number of separate groups is plotted as a 
function of the simulated time for the C values 0.95, 0.90, 0.85 
and 0.80. Each curve represents the mean of 4 distinct simulations, 
T3! 
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except that for C = 0.80, for which only 3 runs were made. 
This relatively small number of samples produces rather 
imprecise curves with considerable statistical variation s though 
the main conclusions of the simulation are clear. The rate of 
convergence increases with increasing substrate coverage in every 
case. In none of the examples studied did the model predict an 
approach to the stable end—point of a single surviving group; the 
nearest was the most closely covered set of films (C = 0.95), where, 
with fusion still in progress the mean of the four runs implied 
5.2 distinct groups after 40 units of simulated time. In the C = 
0.80 case, no less than 20 separate groups had survived up to this 
time and the groups versus time curve had flattened appreciably as 
the mobility of the remaining island material declined. 
The curves of Figure 9.6. also serve to indicate the very slow 
initial rate of fusion demonstrated in the case of the least complete 
structures. In the C = 0.80 case, in which the most mobile granules, 
in this set of simulations wereto he found, the model predicted no 
fusions at all until the 3rd unit of simulated time, when the less 
mobile granules of the C = 0.95 .case had already undergone 25 fusions. 
The evidence of Figure 9.6. suggests that the onset of 'stability' 
in the sense in which the term has been used above, is indeed much 
earlier for the closely packed films with high C values than for more 
sparesely covered structures. 
Rates of fusion derived from the simulations of Figure 9.6. 
are given explicitly in Figure 9.7. The curves emphasise the slow 
initial rates of fusion of the thinner films; at the same time they 
indicate that by the 10th unit of simulated time the rates of fusion 
fusion events per. 
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have become inverted, with the thinnest, (0=0.80), simulation showing 
the greatest fusion rate and the thickest, (0=0.95), simulation 
shoving the lowest fusion rate. 
The growth of the perimeter region throughout the period covered 
by the Figures 9.6. and 9.7. can be studied by making a simple 
modification to the basic short-form tabulated output format. 
Figure 9.8. shows the growth of the perimeter region with simulated 
time obtained in this way from the set of simulations used to derive 
Figures 9.6. and 9.7. Again, the dominant parameter is seen to be the 
surface coverage factor, 	C; it is clear from the figure that the 
island fusion mechanism implies far faster rates of perimeter growth 
for closely-covered films than for thin structures. The effective--
ness of the fusion process in absorbing the original free material 
follows a similar pattern, with 49% of the uncommitted granules 
absorbed into the perimeter by the 30th time unit in the C = 0.95 
case, compared with 28% for C = 0.90, 14% for C = 0.85 and 	6% 
for C = 0.80. 
It is evident from Figures 9.6. and 9.8. that the number of 
separate groups of granules and the size of the perimeter region are 
both monotonic functions of the surface coverage factor C; the out-
standing feature of both curves is the strong fusion probability 
shown by the more closely packed structures, producing both faster 
reductions of the number of separate groups and faster rates of 
perimeter growth. Neither set of curves shows any tendency for the 
proportion of the original island material absorbed by the perimeter 
to pass through a minimum; the model predicts a continuous increase 
in the absorption efficiency for increasing C. 
sirnutuieu 1III1 
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9.4.4. Electrical Properties. It is difficult to obtain experimental 
confirmation of the predictions of the last section using apparatus 
of the type available for this investigation, where direct photo-
graphic evidence is available only for the end-point of the annealing 
process. These photographic results, though consistent with the 
picture outlined above, are too few in number to constitute a satis- 
factory demonstration of the model and it is natural to try to perform 
such a comparison using the only continuously nonitored film property 
available, namely the electrical resistivity. 
As a first step in this process it is useful to assume that the 
perimeter smoothing mechanism is inoperative and to consider the 
electrical behaviour of a primitive network cell of the geometry 
indicated in Figure 9.5. The dimensions of the original perimeter 
region are assumed to be constant, and the effect of varying the 
surface coverage fraction is merely to change the dimensions of the 
internal granules. 
The earlier fusion studies have shown that the perimeters of the 
thickest (i.e. highest C value) structures are augmented preferentially 
during the simulation; therefore it is to be expected that for a 
constant-geometry frame boundary region the conductivity of the 
primitive network cell, measured in the x direction, will increase 
by the largest amounts in the case of these thicker structures. 
Assuming that size effects are relatively insignificant at this stage, 
the truth of this supposition can be demonstrated directly by preparing 
conducting paper models of the network cells, using graphical data 
such as Figure 9.9. produced by the Calcomp Graph Plotter. Figure 
9.10. shows the results of this process for three typical films, 
simulated at C values of 0.95, 0.90 and 0.85, showing that the 
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resistivities do indeed decrease most quickly in the case of the 
thicker films. The data demonstrate the effects on the electrical 
resistivity of the initial delay period noted earlier in connection 
with the thinner films of Figure 9.6.; a period in which no change 
is expected to occur is clearly indicated in Figure 9.10., though 
in a real film the parallel process of perimeter smoothing is 
expected to operate throughout this period. 
In the experimental results, particularly those of Figure 6.16. 
it is evident that this behaviour is demonstrated over only a limited 
0 
range of real film thickness, extending in the 250 C case of Figure 
6.16. between 250X and 400g. In the real films this phase, whose 
behaviour can qualitatively be explained from the model, is followed 
by a region in which the reverse trend is shown, with thicker 
films undergoing less resistivity change than thinner films. 
This second phase underlines the inadequacy of the simple net-
work cell of Figure 9.5. and in particular, the assumption 	that 
the perimeter geometry remains constant while the.internal island 
material grows. Evidently this picture is only valid, even as a 
naive approximation, in the initial period of network development 
when the network is fragile and the contribution made by the fusing 
granules to the overall conductivity is a significant proportion 
of the total film conductivity. As the average film thickness 
increases, the size of the internal granules increases, while the 
proportion of unobscured substrate area decreases. At the same time, 
the network geometry becomes less tenuous and the average conductivity 
of the whole structure at the instant when evaporation stops becomes 
greater. 
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In this situation, the potential improvement in the electrical 
resistivity resulting from the absorption of islands must indeed 
be expected eventually to decrease with increasing substrate 
coverage, as both the area of the island material and the resistivity 
of the basic network structure decrease, despite the improved 
efficiency of the island absorbing mechanism demonstrated by the 
model. Ultimately, as the average film thickness increases and the 
substrate coverage approaches unity, the overall resistivity 
approaches the bulk value, modified only by size effects, and the 
additional electron scattering mechanisms associated with crystal-
line defects. 
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CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
Conclusions 
A method of preparing epitaxial films of silver on cleaved 
mica substrates in ultra high vacuum has been developed and the 
variations of film morphology with substrate temperature and average: 
film thickness have been explored. 
Using continuous films, overlayer experiments have revealed 
no evidence of overlayer—induced resistivity increase even in cases 
where measurable changes are predicted by the Lucas theory. 
Gross electrical and structural changes have been observed 
in discontinuous films. Two mechanisms of structural modification 
have been proposed to account for these changes and the possible use 
of one of the mechanisms to produce resistivity increases during 
overlayer deposition has been noted. 
A digital computer simulation of one of the mechanisms 
proposed in (3) above, has been undertaken and results have been 
given. 
Suggestions for Future Work 
(i) The absence of resistivity increases during the continuous 
film work, both before and after overlayer deposition contrasts 
strongly with the large instabilities revealed in the discontinuous 
film work. 
It is natural to speculate whether the original work did indeed 
make exclusive use of continuous films,or whether in fact meta—stable 
discontinuous structures might have been involved. 
A future programme of work might have as two of its objectives: 





to try to establish the precise structural form of the 
• ultrathin base layers used by Lucas and others. 
to try, (by experiment), to determine whether or not 
smooth initial resistivity increases can be produced during 
overlayer deposition when discontinuous base layers are used. 
(2) The island fusion process suggested in Chapter 8 implies 
the reduction of the average resistivity of the film by discrete 
steps as the well—delineated islands fuse with the main perimeter 
structure. 
Measurements of the size and frequency of these fluctuations 
by measuring the noise spectrum of the film current should reveal 
systematic variations with the film thickness and temperature and 
should provide a method of distinguishing between changes associated 
with island absorption and those resulting from perimeter smoothing. 
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DISCOLOIJRAT IONS IN MUSCOVITE MICA 
The spots bear a superficial resemblance to the pleichroic 
(107) 	 (108) 
haloes described by Joly 	, and others 	in sheet silicate 
minerals, but the disparity of the spot diameters makes this explana-
tion unlikely; Henderson 's measurements of haloes resulting from 
uranium and thorium inclusions in hiotite indicate a typical diameter 
in the lOp to 30frk range compared with the 500X to 50O diameters in 
the present results. 
Another possibility was suggested by the work of Bonfiglioli 
(110) 	 (iii) 
et al 	and Price and Walker 	who studied the damage produced 
in sheet silicates by the impact of heavy radioactive fission fragments. 
This was discounted because of the shapes of the blemishes in the 
present results, which in most cases were simple circular spots. 
In the published work the damage appeared as a series of short, randomly 
oriented tracks some 1.1p. in length, varying in width between 115 
and 240 according to the mass number and energy of the fission frag-
ment. Only when an artificially collimated beam of fragments was used 
( 1U 
) did the damage resemble the patterns of Figure 6.1. 
It seems most likely that the spots merely represent inclusions 
of nonradioactive impurities such as quartz, albite, staurolite, 
zircon or garnet, all of which are known in micaceous  rocks(89). The 




THE ISLAND FUSION COMPUTER SIMULATION 
B.l. Introduction 
The programme is written in the IMP variant of the Atlas Autocode 
language, ascurrently used at the Edinburgh Regional Computing Centre 
(E.R.C.C.). 
The uncompiled programme comprises about 550 separate IMP state-
ments which compile an object programme occupying about 23000 bytes. 
Run times for typical simulations were of the order of 200 seconds 
using the ICL 4-75 machine.at E.R.C.C. 
B.l.l. Co—ordinate Systems and Directions. The action of the simulation 
takes place in a hypothetical rectangular region of substrate bounded 
by the limits: 
0 < X. < 1000 
0 	<. 1000._ 
Orthodox cartesian co—ordinates were not well—suited to the 
geometrical manipulations required and for ease of computation a 
modified co—ordinate system was developed. The situation is shown 
in Figure B.l. In the new system, the origin of co—ordinates corresponds 
to the usual cartesian origin, but the unit vectors M 	and 6 
were different, the b vector corresponding to unit distance in the 
x direction and the 	vector corresponding to unit distance along the 
direction 600 clockwise from the positive x direction. 
Occasionally it was necessary to convert positions back to 
cartesian form, as for example when driving the graph plotter. In 






Denoting positions in the new system as co-ordinate pairs, 
unit translations in the Ck. and 6 directions correspond 
simply to: 
for unit C.L 	translation; 
C.q) 	 for unit b translation. 
A third unit vector, 	, was defined, having the direction 1200 
clockwise from the positive x direction. 
Unit translations along the C. direction therefore took the 
form: 
for unit + G translation 
(csi)) 
	
for unit - 	translation. 
The three basic directions discussed in Section 9.2. were 
represented by these -O.. , + 	and +C. unit vectors. 
B.1.2. Triangle Specification. Triangles representing epitaxial 
granules were defined by the Co-,b) co-ordinates of a particular 
apex, (the so-called defining point), together with a signed side 
vector which determined whether the triangle was positively or 
negatively positioned. Thu 
as the set: 	b I 	(where 
L.SJ 
position and s the signed 
ri_i 	Ic& 
are merely: 	M.I : 
Ot Li 
3, for a triangle LMN specified merely 
(a b) represents the defining point 




Fusions were permitted only between triangles of oppositely 
signed s vectors. 
The surface coverage parameter, 	, was supplied as data for 
each run of the simulation. For a given C. value, S was determined 
by the relation: 	5 S0.IZ 	, where S 6 represented the side 
dimension corresponding to unity surface coverage. 
The input data also included the (o6) 	centroid co-ordinates 
for all 55 triangles in the simulation, from which the co-ordinates of 
the defining points could be calculated. 
B.1.3. Translation, Fusion and Collision. The groups of triangles in 
the model were assigned translation directions from the six available 
possibilities by a random number routine. The value of an input 
translation constant was then used, together with the mobility of the 
group, computed from its total area, to determine the size of each 
translation increment. A translation routine was applied to the stored 
defining point co-ordinates, transforming them into new shifted co-
ordinates using the translation algorithms of B.l.l. These co-ordinates 
were then examined by a subroutine which detected new situations where 
part of the area of a triangle of a given group overlapped any 
triangle of any other group. If the regions of contact corresponded 
to pairs of oppositely-positioned triangles, fusion was assumed and 
all the triangles in the groups to which the fusing triangles belonged 
were given the same new group number; if the opposing triangles were 
similarly positioned, the separate group numbers were preserved and 
further translations in the original directions were forbidden. 
At the end of each set of translations and fusion/collision checks, 
the groups of triangles were re-numbered so that the highest group 
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label appearing in any graphical or tabular status print-out repre-
sented the total number of groups of granules in the simulation. 
New translation directions were then drawn, using the random number 
routine, and the process re-started. 
Each iteration around this cycle of direction allocation, 
translation and fusion/collision checking was treated as a single 
unit of simulated time. 
B.1.4. Initialisation. The random number routine used to select the 
directions of translation in the model required to be initialised by 
the provision of a large prime number as part of the input data. 
For a given input prime number the sequence of numbers was, in fact, 
completely deterministic, with successive repetitions of the simula-
tion resulting in precisely similar granular movements. 
In order to develop an accurate impression of the influence of 
such factors as substrate coverage, several runs of the model were 
made at each set of input conditions with only the initial prime 
number input varying. In this way, several distinct sets of data 




	 Ph.D. Thesis, Duke University, U.S.A. 
1964. 





Adamsky, R.H. and 




Yang, L. et al 
'Thin Film Phenomena!, p.362, 
(McGraw-Hill Publishing Co., 1969). 
Plessey Co. Ltd., (Allen Clark Research 
Centre) Annual Research Reports: 
'Research on Thin Films', Reports Nos. 
1-4 1  1966-1968. 
Proc. Camb. Phil. Soc., 34 1  1938 9  100. 
Adv. in Physics, 1, 1952, 1. 
Ph.D. Thesis, University of Edinburgh, 
1970. 
J. Phys. E. (G.B.). 4, 1971, 525. 
Appi. Phys. Letiers, 17 7 1970, 326. 
Thin Solid Films 7, 1971 1  427. 
'Electron Microscopy', (ed. S.S. Breeze) 
i t  1962, GG1. (Academic Press, New York). 
Proc. European Reg. Conf. Electron 
Microscopy, Delft, 1961, 391. 
J. Vac. Sci. & Tech., 2, 1965, 42. 
J. Appi. Phys., 38, 1967, 3883. 
J. Vac. Sci. Tech., 2, 1965, 79. 
J. Appi. Phys., 37, 1966, 3405. 
Trans. Faraday Soc., 31, 1935, 1137. 
Adv. in Physics, 14, 1965, 361. 
ibid 	5, 1956, 173. 
Acta Met., 2, 1954, 462 




Mitchinson, J.C. et al 
Mitchinson, J.C. and 
Pringle, R.D. 
Mitchinson, J.C. and 
Pringle, R.D. 




 Volmer, M. and Z. Physik, Chem., 	119, 	1925, 	
277. 
Weber, A. 
 Becker, R. and Ann. Phys., 	24, 	1935, 719. 
Doring, D.W. 
 Walton, D. J. Chem. Phys., 
2.1, 	1962, 	2182. 
 Rhodin, T.N. and 'Metal Surfaces', p.259, 	
(American 
Walton, D. Society for Metals, Metals Park, 
Ohio, 	1962). 
 Lewis, B. Thin Solid Films, 1, 1967, 85. 
 Lewis, B. and J. Vac. Sci. and Tech., 4, 
	1967, 	209. 
Campbell, D.S. 
 Gretz, R.D. Surface Sci., 	5, 	1966, 	255, 
 Moazed, K.L. 	and Trans. A.I.M.E., 	230, 	1964, 	
234. 
Pound, G.M. 
 Gretz, R.D. and 'Condensation and Evaporation of Solids', 
Pound, G.M. p.575, 	(Gordon and Breach Publishers, 
New York, 1964). 
 Melined, 	A.J. J. Appl. Phys., 	36, 	1965, 	
3585. 
 Pashley, D.W. 'Thin Films', 	
(American Society for 
Metals, Metals Park, Ohio, 1964). 
 Seifert, H. 
'Structure and Properties of Solid 
Surfaces', ed. R. Gomer and C.S. Smith 
(Chicago), 	340. 
 Moazed, K.L. 'The Use of Thin Films in Physical 
Investigations', p.193, ed. J.C. 
Anderson, 	(Academic Press, London and 
New York, 1966). 
Walton, D. 
Walton, D. et al 
Royer, L. 
Pound, G.M. et al 
Burton, W.K. et al 
Phil. Mag., 7, 1962, 1671. 
J. Chem. Phys., 38, 1963, 2698. 
Bull. Soc. Franc. Mineral., 51 1  1928, 
7. 
Compt. Rend., 194, 1932, 1088. 
J. Chem. Phys., 22, 1954, 1215. 





Pashley, D.W. et al 
Bassett, G.A. 










Parker, R.L. and 
Krinsky, A. 
Chopra, K.L. 
Chopra, K.L. et al 
Neugebauer, C.A. and 
Webb, M.B. 
Hartman, T.E. 
Nifontoff, N.  
'The Use of Thin Films in Physical 
Investigations', p.243, ed. J.C. 
Anderson, (Acadethic Press, London. & 
New York, 1966). 
'Thin Film Phenomena', p.153, p.174, 
(McGraw—Hill Publishing Co., 1969). 
Phil. Mag., 10, 1964, 127. 
Phil. Nag., 3, 1958, 1042. 
Appl. Phys. Letters, 9 1966, 75. 
'Thin Film Phenomena', p.164, 
(McGraw—Hill Publishing Co., 1969). 
Proc. European Conf. Electron Micro-
scopy, Delft, 1, 1960, 270. 
Vacuum, 17, 1967, 267. 
'Thin Films', p.59, (American Society 
for Metals, Metals Partk, Ohio, 1964), 
'The Use of Thin Films in Physical 
Investigations', p.131, ed. J.C. Anderson, 
(Academic Press, London & New York, 
1966). 
Thin Solid Films, 5, 1970, R-41. 
'Thin Film Phenomena', p.165, 
(McGraw—Hill Publishing Co., 1969). 
'Physics of Thin Films', 3, 1966 9  
211 (ed. G. Hass and R.E. Thun, 
Academic Press Inc., New York). 
J. Appi. Phys., 34, 1963, 2700. 
'Thin Film Phenomena', p.167, (McGraw—
Hill Publishing Co., 1969). 
J. Appl. Phys., 34, 3963, 1699. 
J. Appl. Phys., 33, 1962, 74. 
J. Appl. Phys., 34, 1963, 943. 
Compt. Rend., 236, 1953, 538. 
149 
 Neugebauer, C.A. 'Physics of Thin Films', 	2, 1964, 
1, 	(ed. G. Hass & R.E. Thun, Academic 
Press Inc., Nev York). 
 Bashara, N.M. I.E.E.E. Trans. Component Parts, CP-11, 
1, 	1964, 4. 
 Gorter, C.J. Physica, 17, 	1951, 778. 
 Darmois, G. J. Phys. Radium, 	17, 1956, 210. 
 Hill, R.M. Nature, 204, 1964, 35. 
 hill, 	R.M. Proc. Roy. Soc. Lond., A, 309, 	1969, 
307. 
 Moser, J. Wied, Ann., 42, 	1891, 639. 
 Parrott, J.E. Proc. Phys. Soc. London, 35 1 1965, 
1143. 
 Brandli, G. and Helv. Phys. Acta, 38, 1965, 801, 
Cotti, P. 
 Greene, R.F. Phys. Rev., 	141, 	1966, 687. 
 Lucas, M.S.P. . 	 J. Appi. 	Phys., 	36, 	1965, 	:1632. 
 Lucas, M.S.P. Thin Solid Films, 	2, 	1.968, 337. 
 Chopra, K.L. 'Thin Film Phenomena.', p.343, 	(McGraw— 
Hill Publishing Co., 1969). 
 White, G.K.and Phil. Trans. Roy. Soc. London, A. 251 
Woods, S.B. 1959, 	273. 




	 Plessey Co. Ltd., (Allen Clark Research 
Centre) Annual Research Reports: 
'Research on Thin Films', Report No. 1, 
1966. 





- 75.Chopra, K.L. 	- 
76. Broquet, P. and 
Ngyon Van 
I.B.M. Technical Journal, April 1960, 
143. 
Surface Science, 2, 1964, 40. 
J. App].. Phys., 38, 1967, 1710. 
'Electrons and Phonons', Oxford University 
Press, 1962. 
'Thin Film Phenomena', p.573, (McGraw—
Hill-- Publishing-Co.,. 1969). 
Surface Science, 6, 1967, 98. 
150 
71. Dorey, A.P. and 	 Thin Solid Films, 4, 1969, 445. 
Knight, J. 
Feldman, C. 	 J. App . Phys., 34, 1963, 1710.. 
Sidall, G. 	 'Thin Film Microelectronics', p.l, 
ed. L. Holland, (John Wiley and. Sons, 
New York, 1966). 
Lucas, M.S.P. 	 Appi. Phys. Letters, 4, 1964, 73. 
Howland, F.L. and 	 'Physical Design of Electronic Systems' 
Zierdt, C.H. 	 Chapter 7, (Bell Telephone Laboratories) 
Prentice-Hall Inc., Englewood Cliffs, 
N.J., 1971. 
Ramey,.R.L. and J. Appi. Phys., 	38, 	1957, 3491. 
McLennan, W.D. 
Chopra, K.L. and J. Appl. Pliys.., 	38, 	1967, 3144. 
Randlett, M.R. 
Campbell, D.S. Plessey Co. Ltd., 	(Allen Clark Research 
Centre) Annual Research Reports: 
Research on Thin Films', Report No, 1, 
1967. 
Sauerbrey, G. 
Warner, A.W. and 
Stockbridge, C.D. 
Steckelmacher, W. et al 
Jaeger, H. et al 
Deer, W.A. et al  
 Pashley, D.W. 
 Jaeger, H. et al 
 Jaeger, 	II. 	et al 
 Matthews, J.W. 
 Bruck, L. 
 Larson, D.C. and 
Boiko, 	B.T. 
Z. Physik, 155, 1959, 206. 
J. Appl. Phys., 34, 1963, 437. 
Trans. 10t 1h National Vacuum Symposium 
p.4151 (The Ncmillan Co., Nevlork, 
1963). 
Surface Science, 13, 1969, 502. 
'Rock Forming Minerals', vol. 3, 
p.11, (Longmans, London, 1963). 
Phil. Nag., 4, 1959, 316. 
Surface Science, 13, 1969, 349. 
Surface Science, 1]., 1968, 265. 
Phil. Nag., 13, 1966, 1207. 
Ann. Physik, 26, 1936, 233. 
Appl. Phys. Letters, 5, 1964, 155. 
151 
MacDonald, D.K.C. and 	Proc. Roy. Soc. London, A, 203 1  
Sarginson, K. 	 1950 )  223. 
Chopra, K.L. 
	
	 'Thin Film Phenomena', p.167, (McGraw— 
Hill Publishing Co. 1969). 
 Bassett, G.A. Proc. European Regional Conf. Electron 
Microscopy, Delft, 	1960, 	1, 	1961, 270. 
 Chopra, K.L. 'Thin Film Phenomena', p.169, (McGraw— 
Hill Publishing Co., 1969). 
 Pashley, D.W. et al Phil. Nag., 	10, 	1964, 	127. 
 Slcofronick, J.G. and Appl. Phys. Letters, 7, 	1965, 249. 
Phillips, W.B.  
 Sears, G.W. 	and J. 	Chem. 	Phys. 	(U.S.A..), 	39, 1963 9  
Hudson, J.B. 2380. 
 Bassett, G.A. Proc. European Regional Conf. Electron 
Microscopy, Delft, 	1960,.L, 	1961 :  270. 
Lewis, B. 	 Thin Solid Films, 7, 1971, 179. 
Moore, A.J.W. 	 J. Austr. Inst. Metals, II, 1966, 220. 
Knight, M.J. et al 	I.P.P.S. Thin Film Conference, Reading, 
1970. 
107. Joly, R.S. Phil. 	Nag., 	13, 1907, 	381. 
108. Deer, W.A. et al 'Rock Forming Minerals', vol. 	3, 
p.71, 	(Longmans, London, 	1963). 
109. Henderson, 	I. Proc. Roy. Soc. London, A, 173, 1939 9  
250. 
110. Bonfiglioli, G. et al J. Appl, Phys., 32, 	1961, 	2499. 
111. Price, P.B. and J. Appl. Phys., 33, 	1962, 3400. 
Walker s R.M. 
Ziman, J.M. 	 'Electrons and Phonons', Oxford 
University Press, 1962. 
Handbook of Chemistry 	The Chemical Rubber Co., 18901 
and Physics 	 Cranwood Parkway, Cleveland, Ohio. 
Paterson, C.H. and 	Thin Solid Films, Q, 1970, R.64. 
Pringle R.D. 
